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ABSTRACT
The Tumut region contains the southern portion of the Tumut Synclinorial Zone, a 
fault-bounded belt of Ordovician to Silurian volcanics and flyschoid metasediments, 
located in the Lachlan Fold Belt (LFB), southeastern Australia. The presence of an 
interpreted Silurian ophiolitic suite in association with flysch is unique to this part of the 
LFB and has led to a variety of proposed tectonic models. Most of these models 
incorporate the Tumut Trough, a palaeogeographic feature which was thought to be 
floored, at least in part, by oceanic crust and which was the site of a thick accumulation 
of flysch. With the aim of resolving structural and stratigraphic problems in the region, 
this thesis addresses the deformation history of the two main blocks which comprise the 
Tumut Synclinorial Zone (the Jindalee and Tumut Blocks) and the major bounding fault 
zones (the Mooney Mooney and Gilmore Fault Zones) and a new tectonic model for the 
region is proposed.
Rocks in the Jindalee Block form two distinct domains: Cambrian-Ordovician 
basement and Ordovician-Early Silurian sedimentary and volcanic cover. These two 
domains are separated by a sharp discontinuity marking an abrupt change in rock type, 
structure, metamorphic grade and deformation style. Cover sequences have undergone 
only one major penetrative deformation during the Late Silurian involving sub-greenschist 
facies metamorphism and upright folding. In contrast, the basement also underwent at 
least two older deformations at greenschist facies and contains distinct high-strain zones 
subconcordant with the basement/cover contact. The high-strain zones, characterised by a 
ubiquitous south-southeast-trending mineral lineation, record a discontinuous history of 
ductile followed by brittle behaviour consistent with an extensional origin. The structural 
and metamorphic discontinuity separating basement from Silurian cover is characterised 
by widespread cataclasis and alteration and is interpreted as a major detachment fault 
associated with Early Silurian lithospheric extension.
The Mooney Mooney Fault Zone, containing an extensive ultramafic belt known 
as the Coolac Serpentinite, forms the eastern margin of the Tumut Synclinorial Zone. 
The ultramafics together with mafic volcanics and intrusive gabbroic rocks have been 
previously interpreted as early Palaeozoic oceanic crust, dismembered and obducted 
during Late Silurian deformation. However, a more complex history involving several 
periods of movement is evident. The ultramafics and Early Silurian volcanics are 
intruded by Early Silurian gabbro dyke complexes and syn-kinematic Late Silurian 
granodiorite. These intrusive relationships indicate that the ultramafic rocks were 
present in approximately their present structural position prior to the Late Silurian 
deformation. The ultramafics therefore cannot represent Early Silurian oceanic crust,
obducted during the Late Silurian deformation, thus invalidating previous tectonic 
models for the region based on this interpretation. They probably represent either Early 
Silurian or Cambrian-Ordovician mantle-derived material emplaced within a strike-slip 
fault zone during Early Silurian oblique extension.
The Gilmore Fault Zone is a long-lived imbricate fault system separating the 
Wagga Metamorphic Belt (WMB) from the Tumut Synclinorial Zone. Structures within 
the fault zone indicate dominantly sinistral transpressional movements during regional 
deformation in the Late Silurian and mid-Devonian. The movements, in response to 
lateral compression, resulted in the WMB being thrust over the Tumut Block. In addition 
strike-slip movement may be inferred during Late-Ordovician-Early Silurian regional 
deformation and Early Silurian extension. Common structural and metamorphic histories, 
and lithological correlation of rock units straddling the fault zone indicate that the Gilmore 
Fault Zone does not represent a Late Ordovician or younger terrane boundary as 
suggested by some previous workers. Differences in geophysical expression and crustal 
composition across the zone can be explained by the the zone being a reactivated basement 
fault linked to a mid-crustal detachment interpreted as a Late Proterozoic-Early Palaeozoic 
terrane boundary.
The Tumut Block forms the southern pan of the Tumut Synclinorial Zone in the 
southeastern part of the LFB. The block contains two major tectonostratigraphic 
sequences: Ordovician-Early Silurian quartz-rich to quartz-intermediate flysch and 
volcanics; and an overlying fossiliferous Early-Late Silurian volcanic sequence. Rhyolite 
within the older sequence yields a U-Pb zircon age of about 425 Ma. Previously both of 
these sequences were regarded as forming part of the Tumut Trough. However, arenites 
from the two sequences are compositionally distinct and differences in clinopyroxene 
phenocryst compositions from mafic volcanics in both sequences reflect differing tectonic 
environments. Both tectonostratigraphic sequences were meridionally folded during the 
Late Silurian Bowning Orogeny. An earlier deformation, characterised by thrust 
faulting, E-W recumbent folding and later local coaxial upright folding, is present only in 
the older flysch sequence. This earlier deformation is compared to the Benambran 
Orogeny described in Ordovician metamorphics of the WMB and is tightly constrained to 
about 425 Ma. Fold characteristics of this deformation are indicative of thin-skinned 
intraplate transpressional deformation rather than classical collisional tectonics as 
envisaged by some workers for the Benambran Orogeny here and elsewhere in the LFB.
The concept of an Early Silurian Tumut Trough is rejected. Instead Early/Late 
Silurian rocks form a pull-apart basinal sequence (the Tumut Basin ), up to 2500 m 
thick. The Silurian history of the Tumut region, previously considered unique in the 
LFB, is little different to other basins of a similar age throughout the LFB.
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INTRODUCTION
1.1 INTRODUCTION
Understanding the tectonic history of the Tumut region is vital in any account of 
the development of the Lachlan Fold Belt (LFB) within the Tasman Fold Belt. The main 
reason for this is the presence of an interpreted Silurian ophiolitic suite in association with 
flysch which is unique to this part of the LFB. Elsewhere, Silurian deposition was 
characterised by bimodal volcanic sequences in basins separated by shallow-marine 
sediments and subaerial volcanics on intervening highs (Cas 1983, Powell 1983a). 
Considerable interest has also centred on the Gilmore Fault Zone, which is a major crustal 
feature, possibly a terrane boundary, forming the eastern margin of the Wagga 
Metamorphic Belt (WMB; Wagga Anticlinorial Zone of Degeling et al, 1986; Fig. 1.1). 
The zone extends for 100's of km and is the locus of gold mineralisation in a variety of 
geological settings.
The Tumut region contains the southern part of Tumut Synclinorial Zone 
(Scheibner 1985), an Early Palaeozoic tectono-stratigraphic province in the southeastern 
part of the LFB, southeastern New South Wales, Australia (Fig. 1.1). The region has 
been a focus of geological investigations in the LFB over the past 20 years. Exploration 
has concentrated on prospecting principally for base and precious metals. Academic 
institutions, in particular, the Australian National University, University of 
Sydney and the University of Technology, Sydney, (formerly the NSW Institute 
of Technology) have also been active in the region. In all, seven Ph.D. theses, five 
M.Sc. theses, and over thirty Honours theses have been completed in the area. These 
previous investigations, largely covering petrological, geochemical, sedimentological and 
economic aspects with minor detailed, but localised structural studies, were reviewed by 
Basden (1986) and culminated in production of the Tumut 1:100 000-scale geological 
map (Basden 1990a) and accompanying explanatory notes (Basden 1990b).
Despite the considerable geological effort there is a wide range of views on the 
tectonic setting and evolution of the region. It has been regarded as either: a zone of fore­
arc collision with a continental margin (Crook 1980a); or a subsequently closed small 
ocean-floored rift in a back-arc environment (Scheibner 1973, Ashley et al 1979, Gilligan 
& Scheibner 1978); or a transtensional pull-apart basin (Powell 1983a, Packham 1987); 
or an intracratonic rift (Lightner 1977, Wybom 1977a); or a suspect terrane (Basden et al 
1987). In most of these models the Tumut Synclinorial Zone represents a 
palaeogeographic feature — the Tumut Trough, which was the site of a thick accumulation 
of flysch, felsic and mafic volcanics during the Early to Late Silurian. The fore-arc
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model of Crook (1980a) [based on models of fore-arc evolution by Karig & Sharman 
(1975) and Dickinson & Seely (1979), and models of continental crustal evolution by 
Crook (1974, 1980b)], differs from other models by invoking subduction of a marginal 
sea crust formed during rifting and the interpretation of the trough sequence as an 
accretionary prism developed in front of a west-facing volcanic arc. In all models, trough 
closure, deformation and emplacement of the ophiolitic suite took place during the Late 
Silurian Bowning Orogeny. The various models for development and closure of the 
Tumut Trough are shown schematically in Fig. 1.2.
NORTHERN
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J
Fig. 1.1. Schematic structural map 
of New South Wales (after Degeling et 
al 1986) showing location of the 
Tumut region within the Lachlan Fold 
Belt.
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Oceanic crust 
Ultramafic intrusion
Silurian "trough" sediments and volcanics 
Subaerial fel sic volcanics 
Granitoid intrusion
Fig. 1.2. Schematic diagram showing the range o f interpretations fo r the formation and 
closure o f the Tumut Trough., (a) Intracratonic r ift (e.g. Wyborn 1977a; Lightner 
1977). (b) Back-arc basin (e.g. Scheibner 1973; Basden 1978; Ashley et al 1979). (c) 
Pull-apart basin by dextral transtension (e.g. Powell 1983a). (d) Fore-arc basin - 
collision (Crook 1980a). Note: terrane accretion models (e.g. Basden 1987) could be 
represented by either one o f or a combination of the above.
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1.2 AIMS AND SCOPE OF THESIS
Because of its apparently unique geological history, understanding the tectonic 
development of the Tumut region, in particular the concept of a Tumut Trough, is 
essential in any tectonic reconstruction of the LFB. Its importance has been recently 
emphasised by Packham (1987).
"The Tumut Trough is of profound significance in the understanding of the 
tectonic evolution of the fold belt but lack of detailed published stratigraphic 
and structural information make it impossible to arrive at an interpretation of 
its history".
The "lack of detailed....information" has been a major factor in the diversity of tectonic 
models proposed for the region. Specifically, this dearth of information falls into five 
main areas as follows:
(a) Poorly understood stratigraphy in places owing to structural complexity.
(b) The lack of a comprehensive regional framework of the structural and metamorphic 
history. Previous investigations, although detailed in places, were not tied into a 
regional picture.
(c) The lack of work on the nature and history of faulting in the region, in particular the 
major NW-trending faults such as the Mooney Mooney and Gilmore Fault Zones.
(d) Poor understanding of the nature of the relationship between the basement Cambrian- 
Ordovician Jindalee Group and cover rocks.
(e) Poor age constraints owing to the lack of age-specific fossils and concise isotopic 
dates (mostly K-Ar mineral ages).
The scope of this thesis is to address problems (a) to (d) by determining the 
structural and metamorphic evolution of the Ordovician and Silurian sedimentary-volcanic 
sequence, basement inliers and the Coolac ophiolite suite with particular emphasis on the 
Gilmore and Mooney Mooney Fault Zones, in the better exposed southern portion of the 
Tumut Synclinorial Zone.
A representative collection of samples has been made during the survey for 
palaeontological and isotopic age determination, the latter in collaboration with R.I. Hill 
(ANU, Research School of Earth Sciences, Canberra). Results of isotopic analyses 
available to date are included in the thesis. However, a comprehensive 
geochronological investigation remains for the future and is not considered within the
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scope of this thesis. A list of samples collected for either palaeontological or isotopic 
investigation with relevant details is given in Appendix 1.
In May 1987 a seismic survey was conducted by the Bureau of Mineral 
Resources (BMR) and the Australian National University across the Tumut 
region. The survey was primarily designed to determine the attitude of the bounding 
faults and the crustal structure beneath the Tumut Trough. Operational details of the 
seismic survey are given by Leven & Rickard (1987) and a preliminary interpretation of 
the seismic results is presented by Leven et al (1988a & b). The survey does not form 
part of this thesis. However, published results of the survey are referred to and discussed 
in Chapter 4. To assist interpretation of the seismic results a geological traverse was 
chosen to coincide with the seismic line. Details of structural and stratigraphic studies 
carried out on this traverse were published as a BMR Record (Stuart-Smith 1988) and are 
included as part of this thesis.
Specific aims of this thesis are:
(a) To determine the Early Silurian extensional history of the Tumut Trough by 
examining the structural and metamorphic history of basement inliers and their 
relationship to cover units.
(b) To determine the nature and timing of the Coolac Serpentinite emplacement and the 
history of movement of the Mooney Mooney Fault Zone.
(c) To determine the structural and metamorphic history of the Ordovician and Silurian 
sedimentary-volcanic rocks of the Tumut Synclinorial Zone.
(d) To determine the nature and history of movement of the Gilmore Fault Zone.
(e) To synthesise the structural, sedimentary and metamorphic history of the Tumut 
region into a tectonic model.
1.3 GEOLOGICAL SETTING AND STRATIGRAPHY
The geological setting of the Tumut region is shown in Figs. 1.1 & 1.3. The 
region covers the southern part of the Tumut Synclinorial Zone which consists of two 
blocks, the Jindalee and Tumut Blocks, separated by the Killimicat Fault. These blocks 
are bounded by the NW-trending Mooney Mooney and Gilmore Fault Zones which 
separate the Synclinorial Zone from, respectively, the Goobarragandra Block to the east 
and the Wagga Metamorphic Belt (Wagga Anticlinorial Zone of Degeling et al 1986) to 
the west. The Goobarragandra Block comprises mainly Silurian granitoids and their 
coeval waterlain to subaerial volcanics, and Silurian shallow-marine sediments and mafic 
intrusions. The Wagga Metamorphic Belt consists of Ordovician flyschoid
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metasediments and volcanics, and Silurian granitoid felsic and mafic intrusions (Basden 
1982, 1986, 1990b).
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T able 1.1. S u m m a ry  o f  P a la e o z o ic  s tr a t ig r a p h y  o f  th e  T u m u t re g io n .
Unit Description Field relationships Thickness
(m)
Remarks
C
A
IN
O
Z
O
IC
T Basalt, minor limonidc pebble 
conglomerate, hemadtic ironstone, 
sandstone, siltstone and sandy 
clay at base.
Unconformablv overlies older units <40 Forms flat-lying caps.
UNCONFORMITY
(Dg) Fine-grained biodte granite; coarse- Intrudes Oub and Ovg. Faulted Forms minor intrusive bodies and
grained leucogranite. against older units. tectonic slices within the Mooney 
Mooney Fault Zone. Pan of Dgb?
Killimicat Granite 
(Dgk)
Fine- to medium-grained equigran- 
ular granite.
Intrudes Or, Sw and Sbd. Similar chemically to Dgb (Basden, 
1986).
Bogong Granite 
(Dgb)
Massive fine to medium-grained 
leucogranite, medium to coarse­
grained equigranular biodte granite. 
Metasediment hom fels rafts.
Intrudes Sbd, Sbl, Oub, COc and Ow I-type granite. A ge410±16M a 
(K-Ar on biodte; Ashley et al 1971).
Benwerrin Diorite
(Sdw)
Medium-grained diorite and quartz- 
diorite.
Intrudes Ow and intruded by Dgb 
(W illcock 1982).
Pan of I-type Boggy Plain Super- 
suite (Basden 1986). Coeval with 
Dgb.
z
z
C
>
Lobs Hole 
Adamellite 
(Dgl)
Porphyriuc granophyric leuco­
granite.
Intrudes Dlv. Subvclcanic intrusion comagmag- 
matic with Dlv (Barkas 1976).
b
>-
2
3
Byron Range
Group
(Dls)
Shale, limestone and arenite. Unconformably overlies Ssr and 
basal part o f Dlv. Faulted against 
Oub.
625 Shallow-marine (Move et al 1969).
Boraig
Group
(Dlv)
Rhyolite, rhyolidc tuff, siltstone, 
shale, voicanilithic arenite, and 
cobble conglomerate.
Unconformably overlies Ssr and 
Sbd. Unconformably overlain by 
D ls (M o y e e ra i 1969). Faulted 
against Oub.
2400 Shield volcanic complex (Owen et al 
1982).
Minjary Volcanics 
(Dvm)
Rhyolidc tuff and ignimbrite, poly- 
miede conglomerate and arenite.
Unconformably overlies Sgc and 
Oub. Faulted against Ovg and Oub.
350+ Late Early Devonian (early to mid. 
Siegenian) fossils (Barkas 1976). 
Shallow-marine to subaerial 
environment (Basden 1986).
Gatelee Ignimbrite 
(D tr)
Rhyolidc ignimbrite, m inor basal 
polymictic conglomerate.
Unconformably overlies 
older units.
100 Forms remnants of a subhorizontal 
ignimbrite sheet (Ashley et al 1971; 
Kennard 1974).
UNCONFORMITY
Gocup Granite 
(Sgc)
Fme to coarse-grained biodte 
granite; minor coarse-grained 
muscovite-biobte granite.
Intrudes Oub. Unconformably 
overlain by Dvm (Barkas 1976). 
Faulted against O v g .,
S-type granite (W ybom pers comm) 
Age 409 i2  Ma (K-Ar on biodte: 
Richards ei al 1977).
Rough
Creek
Tonalite (Sgr)
Coarse-grained equigranuiar 
chloridsed biodte tonalite.
Allochthonous fault slices. 
Intrudes Ovg.
Late synkynemauc S-Type granitoid 
(W ybom 1977).
Z
X
3
Wondalga
Granodiorite
(Sgw)
Medium-to coarse-grained biodte 
granodiorite.
Intrudes On and Os. Late synkynemaric I-type granitoid 
(Basden 1986).
d
oo
P
5>*
Green Hills
Granodiorite
(Sgg)
Coarse-grained equigranuiar musc- 
ovite-biodte granodiorite.
Intrudes On and Os. Late synkynemauc S-rype granitoid 
(W ybom '1977; Basden 1986).
Ages 406±6 Ma, 419±6 Ma, 422±6 
Ma (K-Ar on biodte; W ebb 1980).
2
2
Young Granodiorite 
(Sgy)
Massive coarse-grained equigran­
uiar granodiorite. Minor net-vein 
complexes with fine to m edium ­
grained quartz diorite. Mylonidc 
within the Jugiong Shear Zone.
Intrudes-COc, Shm. Gradational 
with Sbd.
S-type granite. Age 417±6 Ma (K- 
Ar on biodte; Evemden & Richards, 
1962). Coeval with Sbd.
Micalong Swamp 
Basic Igneous 
Complex (Sm)
Doiente, gabbro and aplite. Intrudes So; intruded by Sgy. Dyke complex. Age 430±9 Ma. 
(K-Ar on hornblende, Owen & 
W ybom 1979).
North Mooney
Complex
(Shm)
Gabbro and doiente. Minor 
diorite, crondjhemite and albiute.
Intrudes € O c , Sbd, Sbl, and Sh. 
Tectonic inclusions in-COc.
Sheeted-dyke complex (Brown 
1979) Age 426±6 Ma. (K-Ar on 
hornblende; Webb 1980).
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Table 1.1 continued.
Ur.u Description Field relationships Thickness Remarks
(m)
Honeysuckle Massive dark green fractured Intruded by Shm and Sgy 500 Subaqueous basalt flows and minor
Beds altered metabasalt. Foliated near Conformably overlies Sbl; intercalated sediments. Water
(Sh) fault contacts. Pillow structures local basal breccia . Intertongues depth < 1000 m (Basden 19861.
common. Minor interbedded meta- with and overlies Sbd. 
shale, silty slate, argillite, graded 
mafic tuff and rare fine- to coarse­
grained quartz-poor arenite. Poly- 
mictic sedimentary breccia (basalt 
and dacite clasts) common at base.
z
<
§
Blowenng (Sbd) 
Formation
Porphyridc dacite crystal tuff; por- 
phyritic medium-grained intrusive 
dacite.
Conformable upright sequence, 
overlies Sw and intertongues with 
Sbl and Sh. Intrudes structurally 
underlying Ow. Unconformably 
overlies Oub.
1000 Flows and subvolcanic intrusions. 
Coeval with Sgy and correlative of 
429^16Ma Goobarragandra Volc­
anics (Owen & Wvbom (1979).
£
£
5
i
(Sbl) Brown meta-shale and slate with 
silty laminae and graded very fine 
to coarse-grained quartz-intermed­
iate arenite. Minor dacite flows, 
mafic and felsic tuff,and meta­
basalt
Conformable upnght sequence 
overlying and intertongueing with 
Sbd. Underlies Sh and intruded 
by Shm in north. Unconformably 
overlies Oub.
750 Proximal sedimentary volcaniclastic 
sequence. Early Middle Ludlovian 
conodonts in allochthonous lime­
stone clasts (Lightner 1977).
Wyangle Formation 
(Sw)
Shale, mudstone, fine to coarse­
grained quartz-poor to quartz- 
intermediate arenite, polymictic 
conglomerate, diamictite and rare 
hornblende andesite.
Unconformably overlies and 
faulted against Ojb. Underlies, 
intertongues with and intruded 
by Sbd.
500 Allochthonous limestone blocks in 
diamictite contain conodonts of 
probable late Llandoverian to early 
Wenlockian age (Lightner 1977).
Ravine Beds 
(Ssr)
Shale, slate, chert, graded coarse­
grained volcanilichic arenite and 
conglomerate.
Unconformably overlain by Dlv 
and Dls. Faulted against Oub.
1000 Late Wenlockian to early Ludlovian 
(Labuds 1969).
Goobarragandra
Volcanics
(So)
Dacite, volcanic breccia, tuff, 
volcaniclastic sediments.
Intruded by Sgy and Sm. 1000+ Subaerial and ignimbritic fissure
eruptions. Age 429+16 Ma. (Rb-Sr 
whole-rock; Owen & Wvbom 1979)
UNCONFORMITY
(Od) Medium-grained leuco-quartz- 
diorite.
Intrudes Ovg, Mincx intrusion associated with Ovg
Blacks Flat Diorite 
(Odb)
Medium- to coarse-grained biotite- 
homblcnde diorite.
Intrudes COjb. TThermal event 417^6 Ma (K-Ar on 
hornblende, Webb 1980).
Tumut Ponds
Beds
(Out)
Graded thickly bedded fine-to 
coarse-grained quartz-intermediate 
arenite, slate and minor quartz-rich 
arenite.
Lateral equivalent of Oub. ?Con- 
formably overlies Ovg.
1000+ Deep-marine turbidite sequence.
Z
2
1
C/3
iu
Bumbolee Creek
Formation
(Oub)
Slate and phyllite with laminae and 
thin beds of fine-grained quartz- 
rich arenite; medium- to coarse­
grained quartz-intermediate arenite. 
Rare volcanilithic and quartz pebble 
conglomerate and laminated black 
and grey chert.
Conformably overlies and interton- 
gues with Ouj and Ovg. Intruded 
by Dg and Sgc. Lateral equivalent 
of Out.
2000+ Deep-marine turbidite sequence. 
Trace fossils of indeterminate age 
(Atkins 1974).
z
Ü
>
Jackalass Slate 
(Ouj)
Dark grey slate with silty laminae. 
Rare fine-grained quartz-rich and 
quartz-intermediate arenite.
Conformably overlies Ovg and 
underlies Oub. Intertongues with 
Ovg and Oub.
1000 Distal facies of deep-marine turbidite 
sequence.
8
o
Frampton Volcanics 
(Ovf)
Meta-rhyolite, meta-rhyodacite, 
and siliceous slate.
Intertongues with Ovg. 100 Subaenal to shallow-water environ­
ment (Basden 1986). Age 425±
Ma (U-Pb zircon).
Brungle Creek 
Metabasalt (Or)
Meta-basalt, minor chert and meta- 
dolerite.
Unconformably overlain by Sw. <1000 Flows and subvolcanic intrusions.
Wermatong
Metabasalt
(Ow)
Metabasalt, chert, chert-basalt 
breccia; minor dolerite (Basden 
1986).
Intruded by Dgb (Goldsmith 1973), 
Sdw (Willcock 1982) and Sbd. 
Structurally overlain by Sbd.
-800 Low-K tholeiite (Basden 1986). 
9Correlative of Ovs and Or.
Snowball Metabasic 
Igneous Complex 
(Ovs)
Metabasalt; minor meta-micro- 
gabbro, chert, siltstone and volcan­
ilithic arenite (Basden 1986).
Intertongues with Oub and Ovg. 
Intruded by Dg.
-1000 Low-K tholeiite (Basden 1986).
?Correlanve of Ow and Or. Forms 
lenses within probable deep-marine 
turbidite sequence.
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Table 1.1 continued.
Unit Description F ie ld  re la tion sh ip s  Th ickn  e ss
(m )
R em a rk s
Gooandra Volcanics 
^ (O v g )
z
<=>
Qz
£ 2
SS5
Meta-andesidc lapilli and crystal Conformably overam by Oub, Out 700+
lithic tuff, meta-andesite, meta- and Ouj. Intenongues with Ovf,
basalt, meta-rhyolite, meta-rhyolidc Ouj, Ovs and Oub. Intruded by Dg, 
tuff, meta-dacite, polymicdc cong- and Sgr. Faulted against Oub. 
lomerate, silty slate, fine to coarse- ?Lateral equivalent of On. 
grained quartz-intermediate and fine­
grained quartz-rich arerute; rare 
jasper, laminated black chert and 
marble.
Forms discontinuous volcanic 
aprons within probable deep-manne 
turbidite sequence. ?Late Damwii- 
ian to ?earlv Gisbomian (Owen & 
W vbom 1979).
Kiandra
Group
(Ovk)
z
Fine- to coarse-grained and pebbly 
mafic volcamclasdc metasedimenis, 
silty slate.
Faulted against Ovg. <5000 Deep- to shallow-marine, locally
subaenal. Late Damwilian to 
?late Gisbomian (Owen W vbom, 
1979).
G Nacka Nacka 
>  Metabasic Igneous 
5  Complex (On)
Amphibolite, metagabbro. Intruded by Sgw and Sgg. 
Lateral equivalent of Ovg.
Ages 4 6 5 i6  Ma and 467±6 Ma 
(K -A ron hornblende, W ebb 1980).
O (Os) Phyilite, biodte homfels, banded 
quartz-albite-homblende-biodte 
homfels, chlonte schist, albite- 
biotite-muscovite homfels.
Intruded by Sgw and Sgg. 
Interdigitates with On.
Metamorphosed quartz-rich flvsch. 
Gisbomian fossils in same sequence 
to west (Sherwin 1968).
Tumut Ponds
Serpendnite
(€O s)
Serpentinite, talc schist, serpent- 
inised harzburgite, metabasalt and 
amphibolite inclusions.
Faulted against other units. Age unknown. Forms allochthonous 
tectonic slices within the Gilmore 
Fault Zone. ?Part o f the Jindalee 
G roup.
A
M
B
R
IA
N
 O
R
D
O
V
IC
IA
N 11 f I' n Massive well-jointed harzburgite Intruded by Sgy, Shm and Dgb.with rare primary layering, schistose Faulted against Sbl, Sbd, Sh, Dgb, 
serpendnite, minor talc schist and Sgy and Shm. 
rodingite dykes. Minor wherlite, 
pyroxenite and lberzolite in north.
Common tectonic inclusions of 
gabbro, doierite and diorite (Shm); 
meta-basalt (Sh); fine-grained 
quartzite ; biotite sc h ist; and granite.
Anthophyllite homfels adjacent to Dgb.
Forms tectonic slices within the 
Mooney Mooney Fault Zone. ?Part 
o f Jindalee Group.
u  S  Gundagai 
§ Serpendnite 
2 (€ O g )  
ai
Massive and schistose serpentinite, 
meta-pyroxenite, carbonate-talc 
schist.
Tectonic slivers within thrust faults. 
Faulted against Oub, Ouj, Ovg and 
Ovf.
Forms allochthonous bodies derived 
from basement Jindalee Group.
< Bullawyarra Schist
z(Qjb)
Acdnolite schist (meta-basalt and 
meta-dolerite)
Faulted against other units. 
Intruded by Odb.
Forms metamorphic core complexes 
and faulted allochthonous slices.
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Fig. 1.4. Diagrammatic stratigraphy of the Tumut 1:100 000 Sheet area (from Basden 
1990b).
1.3.1 Stratigraphy of the Tumut Synclinorial Zone and adjacent areas.
The geology of the region, described by Moye et al (1969a, b & c), Ashley et al 
(1971), Basden (1982, 1986, 1990b), Basden et al (1978), Owen & Wybom (1979a), 
Wybom (1977a), and Degeling (1975, 1977) is shown in Fig. 1.3. A summary of 
stratigraphic units of the southern part of the Tumut Synclinorial Zone and adjacent areas 
is given in Table 1.1. The relationships of the units, as interpreted by Basden (1990b) 
and as used throughout this thesis, are show diagrammatic ally in, respectively, Figs 1.4 
& 1.5. Significant differences in the stratigraphic position and relationships of some units 
from that interpreted by Basden (1990a & b) and other previous workers is indicated and 
is discussed in the appropriate sections of the thesis. No new stratigraphic terms have
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Fig. 1.5. Diagrammatic Palaeozoic stratigraphy o f the southern part o f the Tumut 
Synclinorial Zone and adjacent parts o f the Wagga Metamorphic Belt, and the 
Goobarragandra and Tantangara Blocks in the Tumut region. Note: unit symbols 
correspond to those in Table 1.1 and may differ from those used by Basden (1990b) in 
Fig. 1.4.
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been introduced. However, the distribution of some units and description of others has 
been modified from previously published work. These changes are detailed below in 
section 1.3.2.
The oldest unit in the area is the Cambrian-Ordovician Jindalee Group, 
comprising mainly greenschist facies mafic and ultramafic rocks (Bullawyarra Schist, 
Gundagai Serpentinite). These rocks crop out either as inliers within the Jindalee Block, 
northeast of Tumut, or as fault-bounded allochthonous blocks elsewhere in the region. 
Extensive ultramafic belts within the Mooney Mooney Fault and Gilmore Fault Zones, 
respectively, the Coolac and Tumut Ponds Serpentinites, may also be part of this 
basement or may represent Early Silurian intrusions (see Chapters 3 & 4).
Ordovician to Late Silurian flyschoid metasediments and felsic and mafic volcanics 
form two tectonostratigraphic sequences either structurally emplaced over or 
unconformably overlying basement rocks. The older of these two sequences consists 
largely of undated quartz-rich to quartz-intermediate flyschoid metasediments 
and mafic and minor felsic volcanics. These rocks, deposited in deep to shallow- 
water environments, comprise part of the Ordovician-Early Silurian Molong Volcanic 
Arc. Units included here in this sequence are: the Nacka Nacka Metabasic Igneous 
Complex; Brungle Creek Metabasalt; Wermatong Metabasalt; Snowball Metabasic 
Igneous Complex; Gooandra Volcanics; Frampton Volcanics; Jackalass Slate; Kiandra 
Group; Bumbolee Creek Formation and the Tumut Ponds Beds. These strata, deformed 
and metamorphosed during the Early Silurian (see section 5.3.1) Benambran  
Orogeny, are overlain by dated Early/Late Silurian S-type felsic volcanics, 
mafic volcanics, and minor fossiliferous quartz-poor to quartz- 
intermediate flysch (Wyangle Formation, Blowering Formation, Honeysuckle Beds, 
Ravine Beds). The latter volcanics and sediments form the Tumut Basin, an interpreted 
Silurian pull-apart basin (see Chapter 5). Locally tholeiitic dyke complexes (North 
Mooney Complex, Micalong Swamp Mafic Igneous Complex) intruded during an 
extension event which accompanied this later period of volcanism.
During the Late Silurian Bowning Orogeny (about 417 Ma, Basden 1982; see 
also discussion, section 5.3.2) the Early/Late Silurian and older strata were meridionally 
folded and metamorphosed to lower greenschist facies following intrusion of S-type 
granitoids (Wondalga, Green Hills and Young Granodiorites, Rough Creek Tonalite 
and Gocup Granite). These granitoids, forming only a minor constituent of the Tumut 
Synclinorial Zone, are the dominant rock types in the adjacent Wagga Metamorphic Belt 
and the Goobarragandra Block.
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Early Devonian post-kinematic I-type granitoids (the Bogong and 
Killimicat Granites, Lobs Hole Adamellite and several minor unnamed granite bodies) 
intrude older units and are associated with coeval shallow-water to subaerial 
ignimbrite and minor sediments (Minjary Volcanics, Gatelee Ignimbrite, Boraig 
Group, Byron Range Group). These volcanic sequences form remnant subhorizontal 
sheets unconformably overlying older strata and granitoids. Minor outliers of flat-lying 
Tertiary basalt and minor sediments also unconformably overlie older rocks, 
commonly forming hill top cappings in the region.
Extensive Quaternary alluvial and colluvial deposits of sand, gravel and clay form 
the floodplain of the Tumut River and its tributaries in the north of the region.
1.3.2 Changes in stratigraphic nomenclature usage.
Use of the term Coolac Serpentinite, defined by Ashley et al (1971), has been 
extended to include the ultramafic cumulate component (dunite, wehrlite, clinopyroxenite 
and pyroxene-bearing gabbro) of the North Mooney Complex (Golding 1970) and all 
areas previously mapped as Mooney Mooney Serpentinite (Basden et al 1978). 
There is no basis for the distinction between the Mooney Mooney and Coolac 
Serpentinites, both units forming a continuous belt broken only by later faulting and 
intrusive incursions of Young Granodiorite and North Mooney Complex. The ultramafic 
and mafic cumulate component ("Layered series" of Basden et al 1987) of the North 
Mooney Complex has been included in the Coolac Serpentinite as the two are genetically 
and spatially related and contacts between the two are gradational. Similar rocks, with the 
addition of lherzolite, (also occur north of Brungle Creek where they were included in the 
Coolac Serpentinite by Ashley et al (1971). The term North Mooney Complex is 
here restricted to mainly hornblende-bearing gabbroic rocks which intrude the layered 
ultramafic cumulates, harzburgite (Coolac Serpentinite) and other Silurian units (e.g. 
Honeysuckle Beds).
The term Honeysuckle Beds, originally defined by Ashley et al (1971) to 
include basaltic rocks and minor sediments, is retained in preference to the term 
Honeysuckle Metabasic Igneous Complex (Basden 1982) as intrusive gabbroic 
rocks included in the latter unit are here placed, together with other hornblende-bearing 
gabbros, into the North Mooney Complex.
Felsic volcanics and minor sediments within the Mooney Mooney Fault Zone are 
included in the Blowering Formation ("Blowering Beds" of Ashley et al (1971), 
1979). Basden et al (1978) and Basden (1986, 1990a) mapped these rocks as
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Goobarragandra Volcanics. However, the latter term is here applied to subaerial 
volcanics cropping out farther to the east which cap and are intruded by the Young 
Granodiorite (Owen & Wybom 1979a & b). The felsic volcanics in the fault zone, like 
those mapped as Blowering Formation elsewhere in the Tumut Synclinorial Zone, 
underlie the Honeysuckle Beds and are interbedded with quartz-intermediate flysch.
Interbedded flyschoid sediments, volcaniclastics, mafic and felsic volcanic rocks 
previously mapped as Jackalass Slate (Basden 1986, 1990a) are included in the 
laterally continuous Gooandra Volcanics (Owen & Wybom 1979a) and the term 
Jackalass Slate is restricted to a predominantly slate sequence separating the underlying 
Gooandra Volcanics from the overlying Bumbolee Creek Formation in the Jackalass slate 
quarry reference area.
1.4 ORGANISATION AND FORMAT OF THESIS
To satisfy the aims of the thesis six field areas were chosen for detailed geological 
mapping and structural analysis. These areas cover parts of the Cootamundra, Tumut and 
Yarrangobilly 1:100 000 Sheet areas and are shown in Fig. 1.6. Results of this work 
are presented in seven maps, of varying scales, which are included in the attached map 
supplement volume. All maps have been published by the Bureau of Mineral Resources, 
Geology & Geophysics (BMR). Map 1 (1: 25 000 scale) covers the two main basement 
inliers and contiguous cover over much of the Jindalee Block; Map 2 (1:50 000 scale) 
includes a ~60 km section of the southern portion of the Mooney Mooney Fault Zone and 
the main part of the Coolac Serpentinite; Maps 3 and 4 cover 5 km-wide traverses across 
the Tumut Synclinorial Zone along, respectively, the Tumut seismic traverse (1:100 000 
scale), and along part of the Snowy Mountains Highway through Gilmore and Tumut, 
and along Bumbolee Creek (1:50 000 scale); Map 5 (1:25 000 scale) includes a 
complexly deformed area in the Tumut Block around Slaughterhouse Creek , north of 
Tumut; Maps 6 and 7 include, respectively, a regional (1:100 000 scale) map covering the 
southern 100 km of the Gilmore Fault Zone, and detailed (1:25 000 scale) maps and 
profiles of eight traverses across the zone. In addition the Indi Fault was examined along 
the Geehi Dam access road about 50 km south-southwest of Cabramurra.
The body of the thesis comprises 4 papers (Chapters 2,3,4 & 5), two of which 
(Chapters 2 & 3) have been accepted for publication in, respectively, The Australian 
Journal of Earth Sciences (Stuart-Smith 1990) and the Journal of Structural Geology 
(Stuat-Smith in press). Chapter 4 has been submitted for publication in the BMR Journal 
of Australian Geology &. Geophysics (Stuart-Smith in prep). Chapter 2 deals with the 
stratigraphy, deformational and metamorphic history of the basement inliers and cover
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Fig. 1.6. Location of Maps 1-7 
and areas in which detailed mapping 
and structural analysis was 
undertaken.
units within the Jindalee Block and defines an Early Silurian extensional history. This 
extensional history is described further and placed in its regional structural setting in 
chapter 5. Chapter 3 describes the deformational history of the Mooney Mooney Fault 
Zone, defines new stratigraphic relationships between the Early Silurian units and 
invalidates the concept of an Early Silurian ophiolitic suite as defined by Ashley et al 
(1979). Models for emplacement of the Coolac Serpentinite are also discussed. Chapter 
4 describes the deformational and metamorphic history of the Gilmore Fault Zone and 
concludes that the zone represents a reactivated Late Proterozoic-Early Palaeozoic terrane 
boundary. Chapter 5 outlines the stratigraphy and deformational history of the Tumut
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Block. Two tectonostratigraphic units separated by a major deformation are defined and 
the concept of an Early Silurian Tumut Trough is rejected. Instead, Silurian volcanics 
and shallow-marine sediments form an interpreted pull-apart basin - the Tumut Basin. 
Comparison of the deformational history of the Tumut Block and the adjacent Wagga 
Metamorphic Belt is made and the nature of the Benambran Orogeny discussed. It is 
concluded that the Early Silurian history of the Tumut region, previously considered 
unique in the Lachlan Fold Belt, is little different from other Silurian basins throughout 
the LFB. Finally, in Chapter 6 a brief synthesis of the tectonic evolution of the Tumut 
region is given.
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Fig. 1.7. Palaeozoic timescale used 
throughout this thesis.
To fit thesis format, all papers were modified by removing repetition from 
respective introductory and geological setting sections wherever possible and placing all
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references into a commmon list at the back of the thesis. In addition, specific grid 
references and references to the accompanying maps has been made. Grid references 
throughout the text are six figure AMG (Australian Map Grid) coordinates corresponding 
to the grid reference used on all attached maps. Unless otherwise stated references refer 
to the Tumut 1:100 000 Sheet area.
All analytical data (i.e. microprobe, whole-rock geochemical and modal analyses) 
refered to in the text are appended. Thin sections, and rock powders and samples are 
lodged at BMR, Canberra.
The Palaeozoic timescale used throughout this thesis follows that of Veevers 
(1984) for all but the Silurian Period which follows that by Strusz (1989). The 
geochronological timescale relative to Series in the Devonian, Silurian and Ordovician 
Periods is shown in Fig. 1.7.
1.5 ROCK TERMINOLOGY AND CLASSIFICATION
Sedimentary rock classification follows that of Crook (1960) and Limestone 
classification of Folk (1959). Granitoid and pyroclastic rock nomenclature are classified 
according to the nomenclature recommended by the IUGS Subcommission on the 
Systematics of Igneous Rocks, respectively, by Streckeisen (1973) and Schmid (1981). 
Terminology of fault-related rocks (e.g., cataclasite, my Ionite) follows that suggested by 
Wise el al (1984).
All the Silurian and older rocks are metamorphosed to some degree and the prefix 
meta- is used for all rock types where the original protolith can be identified. Mineral 
prefixes in metamorphic and igneous rock terms (e.g., schist) are in order of increasing 
abundance.
CHAPTER 2
THE STRATIGRAPHY AND 
DEFORMATION HISTORY OF THE 
JINDALEE BLOCK: EVIDENCE FOR 
EXTENSIONAL TECTONICS
modified version "Evidence for extensional tectonics in the Tumut Trough, 
Lachlan Fold Belt, NSW" accepted for publication in the Australian Journal of 
Earth Sciences.
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THE STRATIGRAPHY AND DEFORMATION HISTORY OF 
THE JINDALEE BLOCK: EVIDENCE FOR EXTENSIONAL 
TECTONICS
2.1 INTRODUCTION
The Jindalee Block lies between the Killimicat Fault and the Mooney Mooney 
Fault Zone in the southern part of the Tumut Synclinorial Zone (Fig. 2.1). The geology 
of the region has been described in detail by Basden (1982, 1986, 1990b) and is 
generalised in Fig. 1.3. The oldest unit is the Cambrian-Ordovician Jindalee Group, 
comprising mainly greenschist facies mafic and ultramafic rocks (Bullawyarra Schist) 
intruded by the Blacks Flat Diorite. These rocks mostly crop out in two inliers in the 
Brungle-Darbalara area northeast of Tumut The inliers are surrounded by a sequence of 
Ordovician to Early Silurian metabasalt (Brungle Creek Metabasalt), and Early/Late 
Silurian quartz-poor flysch (Wyangle Formation) and dacitic volcanics (Blowering 
Formation). Small fault-bounded slivers of the Bullawyarra Schist also occur within the 
Mooney Mooney Fault Zone to the northeast and between the two inliers. To the east, the 
Silurian sedimentary and volcanic rocks abut the fault-bounded Coolac Serpentinite and 
Floneysuckle Beds.
The Silurian and older strata were deformed and metamorphosed to sub- 
greenschist facies at about 417 Ma (Basden 1982) prior to erosion, deposition of shallow- 
water to subaerial ignimbrite and sediments in the Early Devonian, and intrusion of the 
Killimicat Granite. The ignimbrite and associated minor sediments (Gatelee Ignimbrite) 
form remnant subhorizontal sheets unconformably overlying older rocks in the Brungle- 
Darbalara area. Minor outliers of Tertiary terrestial sediments and basalt flows cap the 
Coolac Serpentinite and Young Granodiorite to the east.
Tectonic models for the region, outlined in the previous chapter, are based mainly 
on the results of either petrological and geochemical studies of the nearby Coolac 
Serpentinite (e.g. Ashley et al 1979) or sedimentary and stratigraphic aspects of the 
metasediments and volcanics comprising the interpreted Tumut Basin (e.g. Crook 
1980a). The relationship of the latter strata to basement inliers of Bullawyarra Schist is 
poorly understood. As the Tumut Basin is fault-bounded, it is essential to establish the 
relationship between these inliers and the Silurian basinal sequence in any tectonic 
interpretation of the nature and evolution of the basin.
Structural and petrological studies in and around the basement inliers, detailed in 
this chapter, have established a tectonic contact at several localities between the mafic and
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uluamafic basement rocks, and an overlying mafic volcanic sequence. This contact, 
together with high-strain zones found within the basement and other aspects of the 
regional geology are described. The stuctural and metamorphic history of the basement 
and cover is compared with metamorphic core complexes of the Basin and Range 
Province, USA. An extensional history consistent with a strike-slip tectonic setting for 
the Tumut region is outlined.
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and volcanics
JINDALEE Oi
GOOBARRAGANDRA
BLOCK' BLOCK
v Fig. 2.2
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Fig. 2.1 Location and geological setting o f the Jindalee Block.
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2.2 STRATIGRAPHY
Rocks in the Brungle-Darbalara area of the Jindalee Block form two distinct 
domains: a basement of Cambrian-Ordovician age comprising the Bullawyarra Schist and 
Blacks Flat Diorite; and a sedimentary and volcanic cover sequence, including the 
Ordovician to Early Silurian Brungle Creek Metabasalt and the Early/Late Silurian 
Wyangle and Blowering Formations. The detailed geology of the area is shown in Map 1 
and is generalised in Figs 2.2, 2.3, & 2.4. A summary of all stratigraphic units is given 
in Table 1.1.
2.2.1 Cambrian-Ordovician basement
Basement rocks of Cambrian-Ordovician age are exposed in two north-northwest­
trending inliers between Adjungbilly Creek in the north and 4 km southeast of Bald Hill in 
the south (Map 1; Figs 2.2, 2.3 & 2.4). They comprise the Bullawyarra Schist (Ashley et 
al 1971) and the Blacks Flat Diorite (Barkas 1976). The former was included in the 
Jindalee Group by Basden (1986) which has been correlated with the Girilambone Group 
in the Cobar area some 500 km to the north (Scheibner 1975, Basden 1982). The 
Girilambone Group, once considered as old as Cambrian (Scheibner 1975), is now 
known to be at least partly, Ordovician in age (Stewart & Glen 1986). The Bullawyarra 
Schist may alternatively be a correlative of the lithologically similar Nacka Nacka 
Metabasic Igneous Complex (Basden 1982) cropping out 30 km to the southwest within 
the Wagga Metamorphic Belt. K-Ar isotopic age determinations on hornblende give 
Ordovician ages of 465±6 Ma and 467±6 Ma (Webb 1980) for the complex.
2.1.1.1 Bullawyarra Schist
The Bullawyarra Schist is well exposed on hills rising above the Tumut River 
plains and consists of mainly actinolite schist and minor massive fine- to medium-grained 
greenschist facies meta-dolerite. In the Darbalara area (Fig. 2.2), the Bullawyarra Schist 
is separated from the structurally overlying Ordovician-Early Silurian Brungle Creek 
Metabasalt by faulted, foliated and brecciated contacts. Towards Brungle (Fig. 2.3), it is 
unconformably overlain by, and in places faulted against, the Early Silurian Wyangle 
Formation. Along the western margin of the southern inlier the nature of the contact with 
felsic porphyries of the Blowering Formation is obscured by poor exposure.
In the centre of the northern inlier, the Bullawyarra Schist is intruded by the 
Blacks Flat Diorite and minor aplite dykes. Both the diorite and aplite, confined to the 
inlier, postdate the main metamorphic fabric in the schist but pre-date high-strain zones
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within the schist and fault contacts with the Brungle Creek Metabasalt. Outliers of 
subhorizontal Devonian Gatelee Ignimbrite unconformably overlie the Bullawyarra Schist 
in both the Darbalara and Brungle Creek areas.
Finer-grained varieties of actinolite schist are probably metabasalt (Ashley et al 
1971). They commonly contain elongate lenses, up to 10 mm across, of recrystallised 
quartz and coarser-grained radiating epidote aggregates interpreted as deformed
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Fig. 2.3 Geology of the southern basement inlier.
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amygdales. Medium-grained varieties are more massive and occur as boudinaged pods 
within the more strongly foliated finer-grained actinolite schist. These features were 
previously interpreted as pillow structures (Kennard 1974, Crook & Powell 1976). The 
medium-grained schists are interpreted as dismembered doleritic intrusions within the 
metabasalt.
Minor, thinly banded, grey, black, and brown chert and fine-grained meta­
quartzite, the latter commonly hematitic and magnetitic, are interlayed in beds up to 2 m 
thick with actinolite schist
1500
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^  Detachm ent 
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1000
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Fig. 2.4 Longtitudinal and cross 
sections of the basement inliers. Refer 
to Fig. 23  for geological reference.
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In the Darbalara area (Fig. 2.2) a tectonic melange within the actinolite schist, 
structurally about 250 m thick, comprising pods of deformed serpentinite, metagabbro, 
talc schist, biotite-actinolite schist, meta-chert, and meta-quartzite is interpreted as a high- 
strain zone. Minor rock types in the zone include meta-dolerite, altered mafic volcanics 
and dioritic cataclasite.
The high-strain zone therefore consists of rocks primarily derived from the 
Bullawyarra Schist and a mafic-ultramafic (meta-gabbro, serpentinite) source, and to a 
lesser degree the Blacks Flat Diorite and the Brungle Creek Metabasalt.
The high-strain zone is characterised by L- and S-tectonite fabrics and, in places, 
is highly disrupted and brecciated (see detailed description below). Up to 1000 m 
structurally above and below this zone the actinolite schist is chloride and brecciated. The 
degree of alteration, strain and proportion of brecciation decreases away from the zone.
2.2.1.2 Blacks Flat Diorite
The Blacks Flat Diorite an irregular, lobate pluton about 3 km long and 1 km wide 
in the centre of the northern inlier is a massive medium- to coarse-grained diorite. The 
pluton intrudes the Bullawyarra Schist with sharp but highly irregular contacts, forming 
diorite dykes and veinlets along joints and the main metamorphic foliation in the host 
actinolite schists. The diorite is structurally overlain by the Brungle Creek Metabasalt 3 
km north of Tarweena homestead (Map 1, Fig. 2.3) where it is locally deformed and 
altered (chlorite) to a cataclasite. Petrographically similar cataclasite also occurs as clasts 
within the high-strain zone in the Bullawyarra Schist. The diorite is therefore younger 
than the penetrative metamorphic foliation in the schist but pre-dates faulting and shearing 
against the metabasalt and brittle deformation within the schist.
A K-Ar isotopic age determination on hornblende of 417±6Ma (Webb 1980) from 
the Blacks Flat Diorite probably represents a thermal or deformational event rather than 
the age of crystallisation (Basden 1982).
2.2.2 Ordovician-Silurian cover 
2.2.2.1 Brungle Creek Metabasalt
Outcrops of the Brungle Creek Metabasalt form the limbs of a regional 
subhorizontal antiform cored by the Bullawyarra Schist and surrounded by the Wyangle 
and Blowering Formations. The metabasalt between Kangaroo Mountain and Brungle
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Creek includes rocks previously mapped as undivided Jindalee Group (Basden 1982). 
The age of the unit is uncertain, within the range of Early Silurian to Ordovician.
The metabasalt structurally overlies the Bullawyarra Schist and Blacks Flat Diorite 
in the Darbalara area. A fault zone (described below) separates the metabasalt from 
underlying Cambrian-Ordovician rocks and represents a major metamorphic and structural 
discontinuity. The Early/Late Silurian Wyangle and Blowering Formations 
unconformably overlie the basalt. There is no evidence of tectonism near the contact
The Brungle Creek Metabasalt consists of interlayered altered mafic flows and 
lapilli-tuffs, with lesser meta-devitrified mafic and felsic tuffs and minor laminated to 
thinly bedded grey, brown, and pink chert. The thickness of the volcanics is difficult to 
estimate because of tight folding and poor exposure but is probably less than 1000 m.
2.2.2.2 Wyangle Formation
Quartz-poor to quartz-intermediate proximal flysch deposits of the Wyangle 
Formation unconformably overlie or are faulted against the Bullawyarra Schist and the 
Brungle Creek Metabasalt (Figs 2.2 & 2.3). The formation is locally conformably 
overlain, intruded by or intertongues with the Blowering Formation. Limestone clasts 
within diamictite contain conodonts of probable late Llandoverian to early Wenlockian age 
(Lightner 1977), giving a maximum age for the unit.
The contact with underlying rocks, where not faulted (e.g. 4 km south of 
Kangaroo Mountain; GR 153138 Map 1), reflects an unconformable onlapping 
relationship. At these localities the overlying Blowering Formation oversteps the unit to 
rest directly on the older rocks. Beds in the Wyangle Formation progressively onlap the 
older rocks and thicken away from the contact.
The formation comprises a sequence, up to 500 m thick, of interbedded quartz- 
poor and quartz-intermediate arenite, volcanilithic pebble and boulder conglomerate, 
diamictite, shale, mudstone, and tuff.
2.2.2.3 Blowering Formation
Dacitic flows and subvolcanic intrusions, minor volcaniclastics and rare mafic 
volcanics of the Blowering Formation form an extensive sheet, about 1000 m thick, 
conformably overlying and intertongueing with the Wyangle Formation and 
unconformably onlapping the Brungle Creek Metabasalt. Here tuffs and volcaniclastic
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sediments are absent from the Blowering Formation, (e.g. Bald Hill; Fig. 2.3), massive 
dacite intrudes and contact-metamorphoses underlying units including the Bullawyarra 
Schist.
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2.3 BASEMENT: STRUCTURAL AND METAMORPHIC HISTORY
Three distinct deformations in basement rocks predate Early/Late Silurian 
deposition. The first two events are represented by greenschist facies metamorphism, and 
the third, mainly cataclastic, deformation predates folding of the trough sequence and may 
be related with Early Silurian extension in the Tumut region. Relevant structural data are 
presented in Map 1 and Fig. 2.5; a summary of the structural and metamorphic history of 
basement and cover rocks is given in Table 2.1.
? EARLY SILURIAN EARLY SILURIAN LATE SILURIAN
Greenschist facies metamorphism 
Rock type Sib S2b
Retrograde metamorphism 
Cataclasis S3b/Slc
g  Mafic flowsa sW _
>  <j  and tuff 
□2
u  Quartz-poor/
$  quartz-intermediate 
flysch
cc
g  Dacitic volcanics/ 
g  volcaniclastics
pr + chi -»-act 
chi + cc L ep ± ab
ser ±  ab —  chi
Extension al 
faulting
Upright, open asym­
metrical folding (Flc) 
axial cleavage (Sic)
uj Metabasalt
Z < metadolerite 
<  j
— S Chert/ 
q  %  quartzite 
Q H <
g g <  Meta-gabbro 
«£• o i  • 2 u i
Z w Z Serpentinite
3 < s _________
l “a
i i
Prismatic act/hbl + ep Fibrous act + ep + sp 
— sp — mt —  ab —  qtz L mt L ab —  qtz L chi
bi + mu
trem + cz
antig + cc + tc + mt
Isoclinal folding Recumbent folding 
(Fib), foliation (Sib) (F2b) with axial cren- 
with mineral elong- uladon cleavage (S2b) 
ation lineation (L1 b) locally myloniric with 
stretching lineadon
cc + chi + ep cc + chi + ep
mu
chi + tc
Localised brecciadon Upright, open to tight 
and formation of folding (F3b), axial
tectonic melange crenuladon (S3b)
Abreviations are: ab = albite; act = actinolite; antig = anrigorite; bi = biodte; cc = calcite; chi = chlorite; cz = clinozoisite; 
ep = epidote; hbl = hornblende; mt = magnetite; mu = muscovite; pr = prehnite; qtz = quartz; ser = sericite; sp = sphene; 
tc = talc; trem = tremolite
Table 2.1 Summary of structural and metamorphic history of the basement and cover 
units.
2.3.1 ?EarIy Silurian greenschist facies metamorphism
The oldest deformational and metamorphic event in the Jindalee Block is 
recognised only in the Bullawyarra Schist within both inliers. Actinolite schists are
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characterised by a penetrative metamorphic foliation (Sib) which is the dominant planar 
structural element. The foliation, marked by mostly strained, aligned, fibrous to prismatic 
actinolite, parallels compositional layering (epidote-quartz rich bands mostly <2 mm 
thick). Boudins of coarser-grained actinolite schist (metadolerite), are extended along the 
Sib foliation plane. Epidote and quartz nodules (amygdales?) are commonly flattened 
and stretched in the foliation plane, and define a prominent gently-plunging lineation 
(Lib). Isoclinal fold closures in banded meta-chert and meta-quartzite are associated with 
this Sib surface and trend parallel to the mineral lineation. Folds have not been identified 
in actinolite schist probably because of its relatively homogeneous composition and 
extreme transposition.
The common mineral assemblage of the schist is actinolite + chlorite + epidote + 
albite + quartz + sphene + titaniferous magnetite which is typical of mafic rocks in the 
greenschist facies and stable over a wide range of P-T conditions. The composition of 
amphibole (Brown 1977; Spear 1980) reflects a systematic partitioning of NaSi-CaAl 
exchange between coexisting plagioclase and amphibole and suggest its use as a 
geothermometer.
S ib  hornblende S ib  actinolite S2b actinolite
Sam ple  * 86843193C2 86843193A2 86843253B2
S i0 2 45.95 51.48 52.73
T i0 2 0.31 0.05 0.20
Al20 3 11.20 3.28 2.27
Cr20 3 — 0.27 —
FeO 15.28 13.45 15.83
MnO 0.29 0.23 0.32
MgO 10.17 13.69 13.12
CaO 11.17 12.30 12.22
N a20 1.31 0.30 0.16
K20 0.30 0.11 0.08
Total 95.98 95.17 96.92
Cations per 23 0
Si 6.873 7.661 7.768
Aliv 1.127 0.339 0.232
X  tetrahedra 8.000 8.000 8.000
A F ' 0.847 0.236 0.161
Ti 0.035 0.006 0.022
Cr ____ 0.032 —
Mg 2.267 3.038 2.882
Fe 1.851 1.673 1.935
Mn 0.015
X M l, M2, M 3 sites 5.000 5.000 5.000
Fe 0.060 0.015
Mn 0.037 0.014 0.040
Ca 1.789 1.961 1.929
Na 0.114 0.025 0.016
Z M 4  site 2.000 2.000 2.000
Na 0.265 0.062 0.029
K 0.058 0.022 0.015
£ A  site 0.323 0.084 0.044
Total 15.323 15.084 15.044
Table 2.2 Representative S ib  
amphibole microprobe analyses. 
Additional analyses, including all data 
presented in Figs 2.7, 2.8, 2.9, & 
2.10, are given in Appendix 2. 
Structural formulae calculated on the 
basis o fF etota^  = Fe 2+
-  Wt %
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Fig. 2.6 Variation o f Na(M4) in 
amphibole with An content of 
coexisting plagioclase fo r  the 
Bullawyarra Schist.
Fig. 2.7 Photomicrograph o f actinolite schist showing undeformed prismatic Sib  
magnesio-hornblende crystal (centre-right) in strain-shadow of coarser-grained deformed 
actinolite grain (far right) and foliated matrix of finer-grained deformed acicular actinolite 
with granular epidote (pale yellow) and albite (colourless).
Microprobe analysis of Sib amphiboles (Table 2.2) indicates the presence of 
actinolite and magnesio-hornblende (Fig. 2.6). Magnesio-hornblende is much less 
abundant than actinolite, typically forming unstrained prismatic crystals within strain 
shadows adjacent to coarser deformed actinolite crystals (Fig. 2.7). The coexistence of 
both minerals, together with albite, is typical of moderate T low P terrains within the 
greenschist-amphibolite transition zone (400°C - 500°C; Spear 1980) and represents the 
highest grade for the area. The coexisting amphiboles may be attributed to: a miscibility 
gap (Misch & Rice 1975, Spear 1980); an incomplete prograde transition from actinolite 
to hornblende (Grapes & Graham 1978); or an incomplete transition from hornblende to 
actinolite during retrograde metamorphism (Thieblemont et al 1988).
Mol % An, Plagi oclase
0 20 40 60 80 100
Na (N4), Amphibole
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Fig. 2.8 Na(M4) vs Aliv plot of 
amphiboles in the Bullawyarra Schist. 
Plots show values calculated for both 
maximum Fe3+ and maximum Fe2 + . 
Pressure estimates after Brown 
(1977). 1 kb = 100 MPa.
■ S j hornblende 
□ S ] [-> actinolite 
-  + S2b actinolite
+ + ^
In (Ca, M4/Na, M4) in A m p h i b o l e
Fig. 2.9 Plot o f In(XAnlXAb) in 
plagioclase vs ln(Ca,M4INa,M4) in 
coexisting amphibole in the 
Bullawyarra Schist. Contours (°C) 
after Spear (1980).
Compositional plots of the Sib amphiboles and amphibole-plagioclase pairs (Figs 
2.8 & 2.9) indicate a wide range of P-T conditions. The indicated P and T of hornblende 
formation (400°-500°C, 250-400 MPa) is higher than that of Sib actinolite ( 350°C and 
<250 MPa). This difference is consistent with an incomplete transition of actinolite to (or 
from) hornblende rather than a miscibility gap. The unstrained nature of hornblende 
crystals compared with actinolite indicates that such a transition was prograde rather than 
retrograde.
g
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The A1 and (Na + K)A site contents of the amphiboles (Fig. 2.10) are close to that 
noted by Misch and Rice (1975) for tremolite-homblende pairs in epidote-amphibolite 
facies rocks (greenschist-amphibolite transition). A-site (Na + K) and tetrahedral A1 have 
a good correlation in both the actinolite and hornblende fields, and fall on a common line. 
The chemical covariance of the actinolite-homblende pairs suggests that they crystallised 
during a single continuous phase of metamorphism. Thus both Sib amphiboles probably 
grew during a continuous prograde greenschist facies event which culminated in 
hornblende formation. The overlapping composition of Sib actinolite with amphiboles 
forming the structurally later mylonitic foliation (S2b) suggests that metamorphism was 
continuous throughout Sib and S2b formation. Hornblende has not been identified in the 
S2b foliation and consequently the timing of its formation relative to the S2b foliation 
cannot be established.
Quartz, epidote + quartz, and quartz + actinolite veinlets, which are probably syn- 
metamorphic (Fig. 2.11), are foliated by Sib and openly folded. They may indicate that 
channelized fluid flow contributed to the moderately high geothermal gradient 
(~40°C/km).
2.3.2 Recumbent folding and high-strain zones
Throughout the northern part of the northern inlier the Sib foliation is 
recumbently folded (F2b) and locally deformed within high-strain zones. An axial-plane 
crenulation cleavage (S2b) is developed in F2b recumbent fold hinges. There is no 
evidence of F2b recumbent fold closures or high-strain zones within the southern inlier or 
the southern part of the northern inlier. However, the Sib foliation in these areas is 
broadly conformable with the overlying cover sediments (Map 1, Figs 2.4 & 2.5) 
reflecting a subhorizontal disposition prior to Silurian sedimentation.
Within the high strain zones LS-tectonite fabrics are common with a south- 
southeast-trending lineation (L2b) defined by mineral elongation, F2b fold axes, Slb/S2b 
intersections and boudinage. The lineation is also marked by symmetrical tails of fibrous 
actinolite, or carbonate and quartz, on epidote clasts or plagioclase crystals within 
amphibole schists. A mylonitic foliation (S2b), subparallel with the Sib foliation, is 
confined to the high-strain zones and the immediately adjacent Bullawyarra Schist. The 
S2b foliation is distinguished from the Sib foliation by the greater abundance of fibrous 
actinolite and chlorite foliae.
The mylonitic foliation (S2b) was probably produced by a similar process to that 
described by Bell (1978) involving a combination of inhomogeneous simple shear and
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inhomogeneous bulk flattening. The Sib foliation was reactivated and rotated into 
parallelism with S2b. Sense-of-shear indicators such as those described by Berthe et al 
(1979), Lister and Snoke (1984), and Rhodes and Hyndman (1984) are rare. Such 
indicators (e.g. rotated fibrous actinolite overgrowths around feldspar grains) do not 
indicate a consistent sense of movement (Fig. 2.5). Mafic and serpentinised ultramafic 
rocks with mylonitic foliation (S2b) within the high-strain zone represent either 
tectonically emplaced older bodies or syn-deformational intrusions.
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Fig. 2.12 P-T diagram indicating estimated conditions for metamorphism of the 
Bullawyarra Schist and Brungle Creek Metabasalt. Stability fields after Nitsch (1971) 
and Cho and Liou (1987). Cross-hatched area shows overlapping stability field of cc+chl 
with that o f pr+chl owing to movement of invariant point 1 to V  with increasing XCO2 
(after Cho &. Liou 1987). Note: position o f invariant point 1 is approximate to ±20°C 
and ±1 kb; for H2O-absent reactions PCO2 = P fluid = P total; for CÖ2-cibsent reactions P 
H2O = P fluid = P total; diagram only shows act-, cc-, chl-, ep-, & pr-absent reactions, 
omitting H2O- and CC>2-absent reactions, act = actinolite, cc = calcite, chl = chlorite, ep = 
epidote, pr = prehnite, qtz = quartz. This diagram was constructed with the rules referred 
to as Schreinemakers method and the reactions labelled with Schreinemakers' notation 
(Zen 1966).
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The recumbent fold axes parallel the L2b lineation in the high-strain zones and lie 
mostly within 45° of L2b in adjacent zones within the schist- The orientation of the 
recumbent folds, their formation during greenschist facies conditions, and their spatial 
association with the high-strain zones at the top of the basement indicates that they 
probably developed at the same time. Folds within the high-strain zones were probably 
stretched and rotated into parallelism with the L2b lineation during progressive 
deformation.
Development of the high-strain zones and associated recumbent folding was 
probably continuous with the first deformation. Metamorphic conditions remained at 
greenschist-facies. Actinolite forming the S2b foliation is similar in composition to Sib 
actinolite indicating P-T conditions (Figs 2.8 & 2.9) intermediate between upper 
greenschist facies of Sib hornblende formation and sub-greenschist facies of the cover 
sequence (Fig. 2.12).
2.3.3 Cataclasis
Reactivation of the high-strain zones caused extensive cataclasis of the earlier 
mylonitic fabric (S2b). Compared to the earlier greenschist facies metamorphism P-T 
conditions were lower, XC02 was higher, or both as reflected by widespread chlorite- 
epidote-carbonate alteration and veining (Fig. 2.11). The movement direction of this 
faulting cannot be ascertained. Clasts of Brungle Creek Metabasalt and Blacks Flat 
Diorite were included in the fault melange during this phase of movement. Fragments of 
these rocks lack evidence of greenschist facies metamorphism or an earlier structural 
fabric and hence the Blacks Flat Diorite must have been intruded between the formation of 
the high-strain zone and cataclasis.
2.3.4 Late Silurian deformation and retrograde metamorphism
The third major deformation of the basement, extensive Late Silurian (Basden 
1982) folding, produced regional north-northwest-trending Flc folds and associated 
cleavage (Sic) in the cover sediments. The basement Sib foliation, S2b foliation, high- 
strain zones and the basement/cover contact are open to tightly folded about subhorizontal 
to gently south-southeast-plunging F3b axes (Fig. 2.5). Fold axes plunge north- 
northwest north of the Blacks Flat Diorite. An axial-plane surface (S3b) associated with 
the folds is present as either a spaced fracture, kink, or crenulation cleavage and trends 
south-southeast, dipping steeply west. Both Sib and S2b actinolite crystals are strained 
and fractured, with chlorite, epidote and minor carbonate filling fractures and partly 
replacing adjacent folia.
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F3b folds in the Bullawyarra Schist are locally openly refolded about east-trending 
kinks which parallel vertical cataclastic zones in the Blacks Flat Diorite and numerous 
sinistral faults in the region. The cataclastic zones within the diorite displace aplite and 
pegmatite veins and are commonly associated with veins and patchy alteration of epidote, 
carbonate, chlorite, opaque and rare prehnite. The presence of prehnite indicates sub- 
greenschist facies conditions. The youngest structures are two conjugate kink sets which 
reflect a subhorizontal principal compression direction of either -140° or 230°.
2.4 COVER STRUCTURAL AND METAMORPHIC HISTORY
The Silurian cover sequence underwent one major deformation at about 417 Ma 
which produced the dominant north-northwest-trending folds within the area (Basden 
1982, 1986, 1990b). Sub-greenschist facies metamorphism locally accompanied the 
deformation.
Mafic flows and tuffs of the Brungle Creek Metabasalt are extensively altered to 
chlorite, carbonate and epidote. In rocks where primary clinopyroxene and biotite are 
rarely preserved, the metamorphic mineral assemblage is prehnite + chlorite + actinolite. 
Plagioclase phenocrysts, are mostly replaced by carbonate. Felsic tuffs are silicified. 
Fluidal, eutaxitic and perlitic structures are locally preserved in vitric tuffs.
The assemblage prehnite + chlorite + actinolite indicates sub-greenschist facies 
(Fig. 2.12) where P < 250 MPa and T 3 0 0 0 . 380OC (Nitsch 1971). The chlorite + 
carbonate + epidote assemblage, widespread throughout the metabasalt, may also be 
stable at these P-T conditions if XCO2  were high (Cho & Liou 1987; Fig. 2.12). A high 
XCO2  is also indicated by the ubiquitous occurrence of carbonated- chlorite veins (Fig. 
2.11). The veins pre-date (boudinaged in S ic), are synchronous with, and postdate an 
S ic  foliation which is marked by anastomosing zones of weakly to strongly foliated 
chlorite, carbonate and minor sericite.
In contrast to the Brungle Creek Metabasalt, rocks in the Wyangle Formation are 
less altered and have a variably developed S ic foliation. Clinopyroxene and hornblende, 
with minor marginal chloride alteration, are common both as detrital minerals and as 
phenocrysts in mafic volcanic clasts. Chlorite, epidote, carbonate and albite are common 
metamorphic minerals in both volcanics and clastic rocks of the Wyangle Formation. An 
S ic  foliation is only developed in pelitic units, where it is present as a closely spaced 
cleavage (2 -1 0  mm).
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The S ic  foliation appears continuous throughout the cover sequence and dips 
steeply to the southwest, trending northwest near Brungle Creek and swinging north- 
northwest north of Riverdale homestead (Figs 2.2 & 2.3). Within the Brungle Creek 
Metabasalt, rare bedding planes, are nearly vertical and strike mostly parallel to S ic. The 
S ic  foliation is axial plane to rare isoclinal fold hinges (Flc) which plunge gently to the 
north-northwest and southeast. By comparison F lc folds in the Wyangle Formation are 
upright, asymmetrical, open and plunge gently to the southeast (Fig. 2.5). The eastern 
limb of the regional antiform, cored by the basement rocks, dips steeply to the east where 
it is faulted against the Blowering Formation.
The disparities in fold plunge direction and degree of deformation between the 
Brungle Creek Metabasalt and the younger cover units may reflect lithological differences, 
or possibly tightening of an earlier fold phase in the metabasalt. The presence of an 
earlier fold episode in correlative units in the adjacent Tumut Block (see Chapter 5) 
supports the latter interpretation. However, there is no other evidence to support an older 
deformational history in the metabasalt. The widespread nature of alteration of the 
metabasalt compared with the sediments probably reflects compositional differences and 
locally a higher XCO2 in the metabasalt.
The orientation, style and timing of deformation in the cover sequence indicates 
that it was synchronous with retrograde metamorphism and F3b folds in the basement. 
Later kinks, present in the basement, are not developed in the cover, possibly owing to 
the lack of a penetrative fabric.
2.5 NATURE OF THE BASEMENT-COVER CONTACT 
2.5.1 Northern inlier
The northern inlier of Bullawyarra Schist (Fig. 2.3) is separated from the 
overlying Brungle Creek Metabasalt to the east, north and west by a tectonic zone 
characterised by extensive cataclasis and alteration of both units. There is no evidence the 
contact was originally an unconformity that has been later tectonised. The nature of the 
southern boundary of the inlier is unknown owing to a cover of Gatelee Ignimbrite.
Along the eastern margin of the northern inlier, actinolite schist of the Bullawyarra 
Schist is intensely brecciated within 5 to 10 m of the contact. The degree of brecciation 
increases in intensity towards the contact where a schistosity is well-developed in places. 
The schistosity, which parallels the contact, dipping steeply (>80°) to the west, is marked 
by deformed and rotated fibrous to prismatic actinolite interlayed with chlorite folia. A
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rare mineral lineation pitches >80° on the schistosity plane (Fig. 2.5). Adjacent rocks of 
the Brungle Creek Metabasalt are also brecciated, sometimes sheared and, extensively 
veined by coarsely crystalline dolomite within 20 m of the contact. Chlorite and dolomite 
alteration is widespread, and minor plagioclase is the only primary mineral preserved in 
mafic volcanic clasts. The dolomite veins are isoclinally folded, brecciated, crosscut by 
later dolomite veins, and may contain clasts of carbonated chloritized actinolite schist at 
the contact
The contact between the Bullawyarra Schist and the Brungle Creek Metabasalt on 
the western side of the inlier is less well exposed. Within 50 m of the inferred contact 
these rocks are brecciated and extensively sheared, carbonated and chloritized. Dolomite- 
actinolite schist breccia similar to that along the eastern margin of the inlier crops out 2.5 
km north-northeast of Darbalara homestead (Fig. 2.2; GR 105224 Map 1). Late-stage 
dolomite-chlorite veins cut the breccia, filling shear planes and fractures. Although the 
contact is unexposed its position can be traced between outcrops; in areas of high relief 
(several 100 m) it dips westwards, a dip of 15° being estimated from 3 km north of 
Tarweena homestead (Figs 2.2 & 2.4). East of the homestead, where the contact is 
steeper, small faults and fault-breccia zones up to 0.5 m thick are common in the schist up 
to 100 m from‘the contact. They strike parallel to the inferred contact, dip 37° - 86° 
towards the southwest, and may have a normal sense of movement. Rare quartz-feldspar 
pegmatite fills the faults.
Three kilometres southeast of Darbalara homestead (Fig. 2.2; GR 110180 Map 1) 
the Blacks Flat Diorite forms a prominent platform dipping 28° towards the southwest 
beneath the Brungle Creek Metabasalt. The contact is unexposed but a ~10 m thick 
deformed zone separates underlying massive diorite from the metabasalt. Within the zone 
the diorite is silicified and converted to an orthomylonite (terminology after Wise et al 
1984) consisting of deformed feldspar grains with recrystallized polygonal quartz, epidote 
and chlorite. The contact is continuous with the Bullawyarra Schist/Brungle Creek 
Metabasalt contact to the south along the western margin of the inlier. The intrusion of 
diorite therefore predates basement/cover detachment. This relationship is confirmed by 
the absence of dykes or veins of diorite in the metabasalt.
Both the eastern and western faulted contacts probably represent a single surface 
folded by Late Silurian deformation into a broad north-trending antiform (Fig. 2.4; Map 
1). Like the upright north-trending folds in the cover sequence the antiform has a shallow 
west-dipping limb and a steep to overturned eastern limb. The folded contact can be 
traced around the northern margin of the inlier where its continuity is broken by 
subvertical east- and southeast-trending faults. The east-trending fault parallels cataclastic
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zones in the Blacks Flat Diorite and other minor faults in the region which have sinistral 
strike-slip displacements. The southeast-trending fault parallels S lc and S3b surfaces and 
crosscuts older structures. The eastern block is downthrown about 200 m: displacement 
probably took place during Late Silurian deformation when reverse movements occured 
on major faults (Basden 1986).
The direction of rare slickenlines (Fig. 2.5) and the normal sense of fault 
displacements on the western margin indicate a southwesterly displacement or movement 
of the Brungle Creek Metabasalt over the Bullawyarra Schist. This is broadly consistent 
with the progressive truncation of structurally deeper levels of the Bullawyarra Schist 
beneath the Brungle Creek Metabasalt towards the south (Fig. 2.4).
2.5.2 Southern inlier
The relationship between the southern inlier of Bullawyarra Schist and the 
adjacent cover of Wyangle and Blowering Formations is unclear because of poor 
exposure. The western contact of the Bullawyarra Schist with the Blowering Formation 
may be intrusive, as chilled flow-banded porphyritic dacite of the Blowering Formation in 
contact with the schist is exposed 900 m southeast of Bald Hill (Fig. 4; GR 165072 Map 
1 ).
Fig. 2.13 Geological sketch map of 
the faulted contact between the 
Bullawyarra Schist and the Wyangle 
Formation, southern basement inlier 
(GR 194091 Map 1).
The Wyangle Formation surrounds the inlier to the south, east and north. In the 
south, beds of the Wyangle Formation parallel the contact and there is no evidence of 
tectonism in either the basement schist or cover sediments. An unconformable 
relationship seems most likely. The contact is exposed in a roadside culvert 700 m south
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of Bullawyarra homestead (Fig. 2.3; GR 204065 Map 1) where basement actinolite schist 
contains minor fracturing and shearing. Along the eastern margin the contact is clearly 
tectonic in places. A subvertical faulted contact is exposed in Brungle Creek 2.1 km 
southeast of Gatelee homestead (Fig. 2.3) where basement actinolite schist and cover 
sediments are sheared and brecciated within 3 m of the contact (Fig. 2.13). The 
sediments face south westwards and dip 80° towards the contact. Strongly foliated zones 
of actinolite schist interlayered with chlorite schist, absent from elsewhere in the southern 
inlier, are common close to the eastern margin. Brecciated actinolite schist, identical with 
that in the northern inlier and absent from elswhere in the southern inlier, also crops out 
along the eastern contact
Although there is a tectonic contact in places between the Bullawyarra Schist and 
the cover units, it lacks continuity when compared with the basement-cover contact of the 
northern inlier. There is also no evidence that the fault at the contact with the Wyangle 
Formation pre-dates folding of the cover sequence. The north-northwest trend of the 
faulted contact is parallel to and may be related with major faults in the region asssociated 
with compressive deformation of the Tumut Basin and emplacement of the Coolac 
Serpentinite. The relationship between the southern inlier and its Silurian cover units 
appears to have been originally unconformable (Crook & Powell 1976) and was later 
affected by localised faulting.
2.6 DISCUSSION
The presence of Cambrian-Ordovician basement and the lack of a thick Ordovician 
flysch and/or volcanic sequence underlying Silurian cover rocks makes the Brungle- 
Darbalara area of the Jindalee Block significantly different from the Tumut Block and 
other adjoining regions of the Lachlan Fold Belt. There is no evidence that the contact 
between basement and the Ordovician to Early Silurian Brungle Creek Metabasalt was 
originally an unconformity which was later the locus of faulting. Apart from abundant 
marie volcanic clasts and rare metagabbro and felsic vitric tuff clasts (the latter identical 
with minor beds in the Brungle Creek Metabasalt) in basal conglomerates, there is no 
evidence that older rocks (either Cambrian-Ordovician basement or Ordovician flysch) 
provided a major sediment source for the Silurian Wyangle or Blowering Formations. 
The latter unit appears to have been largely derived from penecontemporaneous felsic 
volcanic sources (Kennard 1974). The paucity of basement clasts indicates that removal 
of rocks above the basement was more likely achieved by tectonic rather than erosional 
processes.
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2.6.1 Metamorphic core complexes - a model for Early Silurian extension 
in the Tumut region
The absence of either structural or stratigraphic repetition and the exclusion of 
Ordovician flysch from between the Cambrian-Ordovician basement and Early/Late 
Silurian cover may be explained by extensional tectonics. The basement-cover 
relationships (Fig. 2.14) and deformational history of both basement and cover bear 
many of the essential features which characterize metamorphic core complexes and 
detachment terranes. The term "metamorphic core complex" (Coney 1973) is used to 
describe a group of domed or arch-like isolated uplifts of anomalously deformed older 
metamorphic and plutonic rocks overlain by a tectonically detached and distended 
unmetamorphosed cover (Coney 1980). The two inliers of Bullawyarra Schist form 
domes of similar dimensions (up to 10 km long and 5 km wide) to core complexes and 
like the latter are elongate parallel to the proposed extension direction. However, it is 
uncertain how these domal structures relate to Late Silurian upright folding.
Blowering
Formation
Detachment
fault
16/ 155- 15/6
Fig. 2.14 Schem atic diagram  
showing components and relationships 
o f basement and cover units in the 
Brungle area.
2.6.1.1 Basement high-strain zones: a result of thrusting or extension?
High-strain zones, characterised by a ubiquitous south-southeast-trending mineral 
elongation lineation are present within the Bullawyarra Schist and record a discontinuous 
history of ductile followed by brittle behaviour. In the Cordilleran metamorphic core 
complexes such behaviour need not reflect a continuum of extensional deformation (e.g. 
Davis et al 1980, Brun & Choukroune 1983, Choukroune & Smith 1985). In some
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cases, the first mylonitic deformation in the basement may be related to compression (e.g. 
Brown & Read 1983, Stuchio et al 1983). The mylonitic zones in the Bullawyarra Schist 
could have either originated as extension structures or as reactivated compression 
structures formed during Fib folding. The ductile and later brittle history of the mylonitic 
zones is more plausibly explained by extension, particularly as there is no evidence of 
either stratigraphic or structural repetition.
The my Ionite zones were initiated by either deep-seated horizontal and/or vertical 
translation with bulk homogeneous flattening. The change from relatively ductile 
deformation during D1 to later brittle deformation (cataclasis and retrograde deformation) 
is consistent with shear-zone models for detachment faults described by Davis et al 
(1986) and Lister and Davis (1989). Such a history is typical but not diagnostic of 
extensional mylonitic zones. Furthermore, intrusion of the Blacks Flat Diorite during 
development of the mylonite zone is more consistent with an extensional rather than 
compressive regime. Widespread plutonism is commonly associated with the 
development of metamorphic core complexes (Coney 1974, 1978, 1980) and takes place 
during progressive mylonitisation (Keith et al 1980).
2.6.1.2 Basement!cover faulting
The structural and metamorphic discontinuity separating the Cambrian-Ordovician 
basement (Bullawyarra Schist) from the overlying Brungle Creek Metabasalt is a 
previously unrecognised, originally subhorizontal, major fault zone characterised by 
comminution of adjacent rocks to massive, chloritised and carbonated breccias and 
cataclasites. Similar alteration is associated with detachment faults (e.g. Bartley & 
Glazner 1985, Reynolds & Rehrig 1980).
The timing and nature of cataclasis and alteration in both the fault zone and the 
basement high-strain zones is similar. Both post-date intrusion of the Blacks Flat Diorite 
and pre-date folding of the cover sequence. Younger rocks are always superposed on 
older and higher grade rocks, a feature characteristic of detachment faults in the 
Cordilleran metamorphic core complexes (Coney 1980). The fault zone is therefore 
interpreted as the major detachment associated with lithospheric extension, involving 
reactivation and incisement of the basement high-strain zones, which resulted in the 
development of the Tumut Basin in the Early Silurian (Fig. 2.15).
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Fig. 2.15 Schematic development of 
the Tumut Basin in the Early Silurian: 
(a) Initiation o f extension and 
development o f high-strain zone in 
Camhrian-Ordovician basement; (b) 
Continuing extension: uplift results in 
a new detachment forming; (c) 
Continuing extension and further 
attenuation of upper plate; (d) Minimal 
extension and erosion: deposition of 
Wyangle and Blowering Formations 
on attenuated upper plate (Brungle 
Creek Metabasalt) and basement 
(Bullawyarra Schist). Note 
approximate location of present inliers.
2.6.1.3 Deposition o f cover sequences
Most movement on the detachment took place prior to deposition of the Wyangle 
Formation which unconformably overlies both the basement and the Brungle Creek 
Metabasalt. The Brungle Creek Metabasalt, probably considerably attenuated during this 
movement, may be allochthonous with respect to basement (Fig. 2.15). This is more 
consistent with an Ordovician-Early Silurian age for the unit rather than it being part of the 
Silurian trough sequence as suggested by Basden (1986, 1990b). The lack of a coherent 
stratigraphy and poor continuity of chert beds within the Brungle Creek Metabasalt 
reflects the effects of complex faulting. However, extensional structures, such as low 
angle normal faults found in most other detachment terranes (Coney 1974) are absent 
from the Silurian trough fill, possibly because of minimal extension during or after 
Silurian deposition. The development of such faults varies in other detachment terranes. 
Listric normal faulting is poorly developed above the Yaqui Ridge detachment fault 
(southwestern USA; Schultejann 1984) and above detachment surfaces in the Shuswap
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terrane (Brown & Read 1983). Brecciadon and pervasive alteration (chloritization and 
carbonation) of the rocks are widespread in the Brungle-Darbalara area, typical of upper 
plate sequences of the Cordilleran metamorphic complex terranes (e.g. Davis et al 1980, 
Schultejann 1984).
The presence of diamictite, conglomerate and rapid facies variations within the 
Wyangle Formation are indicative of high energy conditions and rapid accumulation. 
Onlapping relationships are consistent with deposition in probably steep-sided tectonically 
active basins. Similar sedimentary fill and relationships are associated with the Yaqui 
Ridge detachment fault (Schultejann 1984) and with extended cover terrane in the 
Whipple Mountains (Davis et al 1980). The Brungle Creek Metabasalt is interpreted to 
have formed steep-sided fault blocks sitting on the detachment and separating intervening 
troughs of Wyangle Formation sediment (Fig. 2.15). Felsic volcanics of the Blowering 
Formation later filled the troughs and covered the intervening tilt blocks of metabasalt.
2.6.2 Tectonic implications
In all previous tectonic models the Tumut Basin (Tumut Trough ) was initiated by 
extension and subsequent rifting of the Ordovician flysch wedge during the late 
Llandoverian (Early Silurian; Crook 1980a). The basin may have been formed by 
processes similar to those outlined by McKenzie (1978) whereby basin subsidence is 
related to crustal thinning. Basement to the basin was largely formed by a mafic- 
ultramafic suite (the Jindalee Group) which was previously considered to have been 
subsequently upthrust into its present position during Late Silurian deformation (Basden 
1982) when the major movement on faults and shear zones took place.
The south-southeastem-extension direction of the high-strain zones in basement 
rocks, and southerly movement on the detachment fault are compatible with the south- 
southeast-extension direction proposed by Powell (1983a) and is in accord with 
interpreted (mainly strike-slip) movements on the the bounding Mooney Mooney and 
Gilmore Fault Zones (see Chapters 3 & 4). The Cambrian-Ordovician mafic-ultramafic 
rocks were emplaced in the upper crust prior to, rather than during, the Late Silurian 
deformation by uplift concomitant with Early Silurian extension and attenuation of the 
Ordovician to Early Silurian rocks above a detachment surface.
The metamorphic grade of the basement rocks (greenschist facies) indicates that 
they were deformed at depths of at least 10 km, with a moderately high geothermal 
gradient consistent with high T and low P metamorphism in the adjacent Wagga
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Metamorphic Belt (Vallance 1969). By comparison, the Silurian cover sequence 
(including the Brungle Creek Metabasalt) is about 2.5 km thick and metamorphosed only 
to sub-greenschist-facies. There is no evidence of a substantial cover subsequently 
removed by erosion. Displacement on the detachment fault was therefore large enough to 
place basement rocks within a few kilometres of the surface. The amount of this 
extension is indeterminate.
2.7 CONCLUSIONS
Rocks in the Brungle-Darbalara area of the Jindalee Block form two distinct 
domains: a Cambrian-Ordovician basement (Bullawyarra Schist and Blacks Flat Diorite) 
and a Ordovician to Silurian sedimentary and volcanic cover (Brungle Creek Metabasalt, 
Wyangle and Blowering Formations). These two domains are separated by a sharp 
discontinuity marking an abrupt change in rock type, structure, and metamorphic grade. 
The cover rocks have undergone only one major deformation during the Late Silurian 
involving sub-greenschist facies metamorphism and upright folding. By comparison, the 
basement underwent at least two additional older deformations at greenschist facies and 
has distinct high-strain zones subconcordant to the basement/cover contact. The high- 
strain zones, characterized by a ubiquitous mineral-elongation-lineation, record a 
discontinuous history of ductile followed by brittle behaviour, indicating an extensional 
origin.
The structural and metamorphic discontinuity separating the Cambrian-Ordovician 
basement (Bullawyarra Schist) from the overlying Brungle Creek Metabasalt is a 
previously unrecognized, major, originally subhorizontal, fault zone characterized by 
massive breccias and cataclasites, and extensive chlorite and carbonate alteration. The 
zone is interpreted as the major detachment associated with extension and the development 
of the Tumut Basin in the Early Silurian. During this extension, and following intrusion 
of the Blacks Flat Diorite, serpentinite was emplaced into reactivated high-strain zones 
within the basement.
Major movement on the detachment took place prior to deposition of the Early 
Silurian Wyangle Formation which unconformably overlies both the basement and the 
Brungle Creek Metabasalt. The Brungle Creek Metabasalt represents a sequence, 
possibly allochthonous, of Ordovician to Early Silurian age, which has probably been 
considerably attenuated.
Early Silurian sediments (Wyangle Formation) exhibit rapid facies variations and 
onlap the basement and Brungle Creek Metabasalt. The latter is interpreted as forming
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steep-sided fault blocks sitting on the detachment and separating intervening troughs of 
Wyangle Formation sediment. Felsic volcanics of the Blowering Formation later filled 
the troughs and covered the intervening tilt blocks of metabasalt.
The development of the Tumut Basin, in the Brungle-Darbalara area of the 
Jindalee Block, bears many of the essential features which characterise metamorphic core 
complexes and detachment terranes. Such a model is consistent with tectonic 
environments proposed for the area. The indicated south-southeast to southerly extension 
direction, which sub-parallels the bounding strike-slip faults, implies an overall strike-slip 
rather than normal rift setting. This strike-slip setting, within the regional tectonic 
framework, is further discussed in Chapter 5.
CHAPTER 3
THE DEFORMATION HISTORY OF THE 
MOONEY MOONEY FAULT ZONE AND 
EMPLACEMENT OF THE COOLAC 
SERPENTINITE
modified version "The emplacement and fault history of the Coolac Serpentinite, 
Lachlan Fold Belt, southeastern Australia" accepted for publication in the Journal 
of Structural Geology.
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THE DEFORMATION HISTORY OF THE MOONEY MOONEY 
FAULT ZONE AND EMPLACEMENT OF THE COOLAC 
SERPENTINITE.
3.1 INTRODUCTION
The Coolac Serpentinite lies within the Mooney Mooney Fault Zone (referred to as 
the Mooney Mooney Terrane by Basden et al 1987), a regional tectonic feature separating 
the Tumut Synclinorial Zone from the Goobarragandra Block (Young Anticlinorial Zone 
of Degeling et al 1976) to the east (Fig. 3.1). The Serpentinite comprises an ultramafic 
suite of mainly partly serpentinised harzburgite, serpentinite and minor wehrlite, 
lherzolite, clinopyroxenite and chromitite (Ashley et al 1971). Harzburgite forms as 
residual material left after partial melting of the upper mantle (e.g. Green & Ringwood 
1967, Stem & de Wit 1980). Such melting is usually restricted to spreading oceanic 
ridges (Girardeau et al 1985), or other zones of rising upper mantle formed during 
continental extension (Bebien et al 1986). Such ultramafic rocks can be emplaced in the 
upper continental crust either as allochthonous thrust sheets of ophiolite or as Alpine-type 
intrusions along subvertical crustal fractures. Serpentinisation of these ultramafic rocks 
typically occurs either at the time of their formation (Girardeau et al 1985) or at the time 
of their emplacement in upper crust (Radhakrishna et al 1987).
Packham (1987) suggested that the Coolac Serpentinite was emplaced in a strike- 
slip fault zone during the Late Ordovician or Early Silurian. However, most authors 
interpret the serpentinite, together with an intrusive gabbroic dyke complex (North 
Mooney Complex) and basalt (Honeysuckle Beds), as forming a dismembered ophiolitic 
suite (Ashley et al 1979). This suite was interpreted to be emplaced into the upper 
continental crust during closure of the Tumut Trough. Closure probably accompanied 
deformation of the Silurian trough sequence during the Late Silurian (at about 417 Ma., 
Basden 1982).
Previous structural studies (Ashley & Chenall 1976, Basden et al 1987) of the 
Mooney Mooney Fault Zone have indicated reverse movements on a steep east-dipping 
mylonitic zone within the Young Granodiorite along the eastern margin of the ultramafic 
belt. Consistent with this interpretation, most authors (e.g. Scheibner 1973, Crook 
1980a, Ashley et al 1979, Basden et al 1987) interpreted the ultramafics as slices 
obducted along subsequently steepened east-dipping thrusts. However, Ashley & 
Chenall (1976) suggested that the faults originated as westward-dipping thrusts which 
were progressively overturned. As they were overturned the sense of displacement 
inversed.
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This chapter details the results of a structural study of the Mooney Mooney Fault 
Zone and rexamines the origin and emplacement history of the Cooiac Serpentinite in the 
light of field relations. Critical field relationships between the different members of the 
ophiolite suite are described and the structural fabric of the fault is outlined. The study 
indicates a more complex movement history than previously described for the Mooney 
Mooney Fault Zone which is dominated by strike-slip movements. The concept of a 
Silurian ophiolitic suite obducted during the Late Silurian is rejected. The serpentinite is 
probably either an Early Silurian intrusion or most likely a tectonic slice derived from the 
underlying Cambrian-Ordovician Jindalee Group and emplaced within the fault zone 
during Early Silurian extension.
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3.2 REGIONAL GEOLOGY
The geology of the Mooney Mooney Fault Zone, described in detail by Ashley et 
al (1971) and Basden (1986), is shown in Map 2 and generalised in Fig. 3.2. The 
stratigraphy is summarised in Table 1.1. The fault zone consists of a NNW-trending belt 
of Early/Late Silurian felsic volcanics, mafic volcanics and intrusives, and minor 
sediments. The belt flanks the western margin of the Coolac Serpentinite, which forms a 
prominent ridge of ultramafic rocks, extending for about 100 km along the western 
margin of the Late Silurian Young Granodiorite. The Silurian strata were openly to 
tightly folded about meridional axes and metamorphosed to lower greenschist facies in 
Late Silurian times. Structural inliers of poly deformed metabasic and ultramafic rocks of 
the Cambrian-Ordovician Bullawyarra Schist (Jindalee Group) occur within the Silurian 
sequence immediately west of the Mooney Mooney Fault Zone. These inliers are 
interpreted as metamorphic core complexes formed during Early Silurian extension of the 
Tumut Basin (see chapter 2).
(a)
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Blowering
Formation
Goobarragandra 
Volcanics 
Coolac 
Serpentinite 
Honeysuckle Metabas ic Igneous Complex
North Mooney 
Complex 
Honeysuckle 
Beds
Bullawyarra
Schist
X  Wyangle Goobarragandra 
Formation Volcanics
Bullawyarra Coolac 
Schist Serpentinite
Fig. 3.3 Diagrammatic stratigraphy 
of the Mooney Mooney Fault Zone: 
(a) after Basden, (1990a); (b) this 
thesis.
3.2.1 Stratigraphic relationships
Significant changes in the stratigraphic correlation of units in the region are 
indicated by the present structural study of the Mooney Mooney Fault Zone. These 
changes (Fig. 3.3) result from three discoveries: (1) a conformable contact exists between 
the Honeysuckle Beds and the Blowering Formation; (2) the Young Granodiorite intrudes 
both the Coolac Serpentinite and North Mooney Complex; and (3) the North Mooney 
Complex intrudes the Blowering Formation.
The Honeysuckle Beds (Ashley et al 1971) were previously considered to be one 
of the oldest units in the Silurian trough sequence (Basden 1986). forming part of a 
dismembered west-facing ophiolitic suite (the Coolac Ophiolite Suite: Ashley et al 1979). 
Although the Honeysuckle Beds were originally thought to overlie the Blowering
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Formation ("Blowering Beds" Ashley et al 1971) and eastward-facing beds were noted 
by Mangold (1978) and D.P. Thrum (personal communication in Crook & Felton 1975), 
it was interpreted to be an overturned west-facing sequence which was faulted against the 
Blowering Formation (Basden 1986).
There is no evidence of a faulted contact between the Honeysuckle Beds and the 
Blowering Formation. Conformable contacts between basalt and dacite are exposed about 
2 km west of "The Elms" and 1 km north of Big Hill (Fig. 3.2). At the latter locality the 
base of the Honeysuckle Beds consists of a sedimentary breccia, up to 2 m thick, 
comprising clasts of dacite and metabasalt (Stuart-Smith 1988). Stratigraphic facing 
cannot be determined at this locality. However, the contact dips to the east, conformable 
with upwards graded silty laminae in slate horizons within both formations in the vicinity. 
Throughout the entire Mooney Mooney Fault Zone both the Honeysuckle Beds and the 
Blowering Formation face eastwards and are upright (no downward-facing beds have 
beeen found) confirming the original interpretation of Ashley et al (1971) that the 
Honeysuckle Beds is the youngest Silurian unit in the area directly overlying the 
Blowering Formation. The younger age of the Honeysuckle Beds is also supported by 
the occurrence of metabasalt (presently unnamed and not shown on geological maps of 
the area) overlying Blowering Formation dacite about 3 km northeast of Tumut (Lightner 
1977, see also Map 4). Clinopyroxene phenocrysts in the metabasalt outlier have similar 
compositions to those in the Honeysuckle Beds, distinct from those in all other mafic 
rocks in the region (see section 5.2, Fig 5.4, and Appendix 5).
The contacts between the ophiolite suite and adjacent units were inferred to be 
tectonic (Basden et al 1978). The present study establishes that the Young Granodiorite 
intrudes both the Coolac Serpentinite and North Mooney Complex, and that the North 
Mooney Complex intrudes the Blowering Formation.
Although the contact between the Young Granodiorite and the western margin of 
the Coolac Serpentinite is faulted along its entire length, an intrusive relationship is 
evident about 6 km north of the Murrumbidgee River where dykes and an irregularly- 
shaped body of granodiorite, about 100 m across, intrude massive harzburgite (Fig. 3.4, 
GR 122333 Map 2). Both the dykes and the intrusive body of granodiorite are separated 
from the main mass of the Young Granodiorite by a 5 m wide mylonite zone. Farther to 
the south, where the Tumut-Wee Jasper road crosses the serpentinite belt (GR 235040 
Map 2), a tectonic inclusion of granodiorite within serpentinite contains xenoliths of 
serpentinite providing further evidence for an intrusive relationship between both units.
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In the north small stocks of Young Granodiorite intrude the North Mooney 
Complex as well as the Coolac Serpentinite, respectively 2 km north and 2 km south of 
Mungi homestead (Fig. 3.4). At both these localities a narrow (<1 m wide) porphyritic 
fine-grained chilled margin is present surrounding outcrops of coarse-grained 
granodiorite. There is no sign of tectonism or other evidence to support the interpretation 
that these outcrops represent thrust klippen (Basden et al 1978).
The main body of the North Mooney Complex forms a dyke complex intruding 
the Coolac Serpentinite, Honeysuckle Beds and Blowering Formation within an area of 
about 30 km2 surrounding the Hume Highway (Fig. 3.2, 3.4). In this area the complex 
interupts the ultramafic belt and the Silurian volcanic sequence and intrusive relations are 
preserved in the relatively undeformed areas between the major faults in the Mooney 
Mooney Fault Zone. Farther to the south, where the fault zone is narrower and 
deformation more intense, the complex occurs as smaller discontinuous tectonised bodies 
within the Coolac Serpentinite and the Honeysuckle Beds. In the north the contact 
between the North Mooney Complex and the Coolac Serpentinite is sharp and irregular, 
and is well exposed 5 km southeast of Mungi homestead where narrow (<1 m) dykes of 
gabbro intrude massive harzburgite (Fig. 3.4). Similar intrusive contacts occur between 
gabbro and basalt (Honeysuckle Beds) in the same area (Brown 1979) and between 
gabbro and felsic volcanics (Blowering Formation) 3 km south of Mungi homestead (Fig. 
3.4).
These intrusive relationships show that the North Mooney Complex (426±6 Ma; 
Webb 1980) intruded after Silurian volcanism and emplacement of the Coolac Serpentinite 
but prior to intrusion of the Young Granodiorite. Thus the relationship is analogous to 
the Micalong Swamp Mafic Igneous Complex (430±9 Ma; Owen & Wyborn 1979a) 
which intrudes the Goobarragandra Volcanics and is itself intruded by Young 
Granodiorite (Fig. 3.3). The granodiorite is a subvolcanic intrusion chemically related to 
both the Blowering Formation volcanics and the subaerial Goobarragandra Volcanics 
(Owen & Wybom 1979a).
3.3 STRUCTURES OF THE MOONEY MOONEY FAULT ZONE
As the Coolac Serpentinite was emplaced in the upper continental crust by at least 
the late Early Silurian previous models of serpentinite emplacement based on structural 
studies of the mylonite zone within the granodiorite reflect only part of the tectonic history 
of the ultramafic belt. This study examines all the units within the Mooney Mooney Fault 
Zone and adjacent areas in an attempt to determine a more complete structural history 
consistent with the observed stratigraphic relations.
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S-C my Ionite fabrics (Berthe et al 1979) are widespread throughout the Mooney 
Mooney Fault Zone, particularly in the Coolac Serpentinite along the Mooney Mooney 
Fault and in the Young Granodiorite within the Jugiong Shear Zone (Fig. 3.5a). The 
fabric is used here to determine movement directions whereby the direction of slip is 
defined as the normal in the shear plane, to the intersection of the two surfaces (Fig. 
3.5c).
A mineral-elongation lineation on the C-plane is commonly present in the 
granodiorite wherever the S-C fabric is developed. However, apart from deformed 
Fibrous vein material which shows no geometric relationship to the S or C surfaces, 
slickenlines are the only mesoscopic linear element observed on surfaces within the 
serpentinite. Without the presence of a well-defined lineation associated with the S-C 
surfaces in the serpentinite it could be argued that the two surfaces are unrelated and 
therefore cannot be used to determine movement direction. Although mesoscopically both 
the S and C surfaces in the serpentinite appear to be composed of platy serpentine 
minerals, microscopically the C surfaces have a fibrous character compared to the platy 
minerals forming the S surface (Fig. 3.5b). Furthermore, the fibres are aligned sub­
perpendicular to the intersection of the two planes. Thus it is likely that the S and C 
surfaces developed synchronously and movement directions can be deduced. In addition 
the following field relations indicate that the S and C surfaces formed during the one 
phase of movement:
1. S-C fabrics in the serpentinite show geometries consistent with observed fault offsets 
both along the Mooney Mooney Fault and in zones of cross-faulting and shearing. If the 
foliation (S plane) was an earlier fabric it would have a constant orientation in both fault 
orientations.
2. The normal bisector of the S and C planes in the serpentinite parallels both slickenlines 
on fault planes and the mineral elongation-lineation in adjacent mylonitic granodiorite 
(NB. excluding mylonites within the Jugiong Shear Zone which are older).
The recognition of S-C fabrics within the Coolac Serpentinite has enabled a more 
comprehensive structural analysis of the Mooney Mooney Fault Zone than has been 
previously attempted. Results of this analysis are detailed below. The Mooney Mooney 
Fault Zone comprises units bound within an imbricate strike-slip fault zone consisting of 
the Mooney Mooney Fault, the Coolac Fault, and numerous unamed fault splays. The 
Jugiong Shear Zone and the Killimicat Fault merge with the Mooney Mooney Fault in the 
south. The main structural elements of the fault zone are shown in Map 2 and generalised 
in Fig. 3.6.
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Fig. 3.6 Structural sketch map of the Mooney Mooney Fault Zone showing interpreted 
fau lt style and kinematics (obtained from S-C relationships, mineral elongation lineations, 
and slickenlines).
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3.3.1 Coolac Fault
North of Hillview homestead, a fault splay, here named the Coolac Fault, 
diverges from the Mooney Mooney Fault and extends northwards subparallel to the latter. 
The Coolac Fault forms the western margin of the Mooney Mooney Fault Zone. Tectonic 
slivers of coarse-grained leucogranite (?Bogong Granite), serpentinite (Coolac 
Serpentinite) and actinolite schist (Bullawyarra Schist) are present in places (Fig. 3.2).
North of the Murrumbidgee River the Coolac Fault forms a deformed zone up to 
300 m wide. Within this zone Blowering Formation slate is extensively veined by quartz. 
The veins are boudinaged with boudin axes plunging gently to the south perpendicular to 
a quartz-fibre lineation which pitches steeply N on a steep E-dipping to subvertical 
cleavage. The extension direction, indicated by the quartz-fibre lineation, parallels 
bedding/cleavage intersections indicating relatively high strains in the zone. Normally, 
folds in the Blowering and Wyangle Formations in the adjacent Jindalee Block are open, 
upright and have gently-plunging axes (see chapter 2). In the south, adjacent to the fault, 
folds become tight with overturned E-dipping limbs within 100 m of the fault.
The extension lineation direction and changes in fold attitude within the deformed 
zone indicate that movement was near vertical with E-side up (i.e. reverse). However, 
the movement history of the fault is more complex. Matching of similar stratigraphic 
units on either side of the Coolac Fault suggests sinistral strike-slip movement with minor 
vertical displacement (probably less than 1 km). Structures indicative of sinistral strike- 
slip movement are also present within faulted slivers of serpentinite near the Hume 
Highway. The foliation orientation within the serpentinite trends NE, i.e. oblique to the 
fault surface. The horizontal component of displacement is about 24 km if the 
allochthonous bodies of leucogranite are indeed faulted slices of Bogong Granite (Fig. 
3.2). There is no means of determining the age relationship between both movements. 
However, a similar two-stage movement history is indicated in the Jugiong Shear Zone. 
There reverse movement preceded sinistral strike-slip displacement.
3.3.2 Mooney Mooney Fault
The Mooney Mooney Fault separates the main mass of Coolac Serpentinite from 
Silurian metasediments and volcanics to the west. In the south it merges with the Jugiong 
Shear Zone where it juxtaposes the Early Devonian Bogong Granite and the Silurian 
Young Granodiorite (Fig. 3.2). In this area, the serpentinite is contact-metamorphosed 
by the Bogong Granite to an anthophyllite and cordierite-bearing ultramafic homfels 
(Ashley et al 1971).
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The Mooney Mooney Fault is marked by a 1 km wide zone of deformation. 
Silurian metasediments and volcanics on the western side of the fault are intensely foliated 
within 500 m of the fault and are sheared, fractured, silicified and veined by quartz and 
epidote. Towards the fault, folds become progressively tighter to isoclinal and in places 
limbs may show small sinistral displacements along the axial-cleavage.
Within 500 m of the fault, the Coolac Serpentinite is completely serpentinised and 
strongly foliated. Schistose serpentinite within this zone is typified by ubiquitous S-C 
fabrics consisting of a steeply E-dipping foliation and a subvertical to steeply ENE- 
dipping shear plane (Fig. 3.6d). A sinistral transpressional displacement is indicated. 
The inferred movement direction is near horizontal or plunges shallowly SE. Progressing 
eastwards away from the Mooney Mooney Fault the occurrence of schistose serpentinite 
becomes more localised and finally gives way to fractured serpentinised harzburgite. The 
fabric in the latter area is typified by narrow (a few cm) serpentinite zones enclosing 
domino-style blocks of more massive serpentinite separated by synthetic shear planes 
(Fig. 3.7).
Schistose
serpentinite
Massive 
serpentinised 
/  harzburgite
Fig. 3.7 Outcrop sketch o f fault 
geometry within the Coolac 
Serpentinite (GR 234038 Map 2).
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3.3.3 The Coolac Serpentinite/Young Granodiorite contact
In the north, where the Jugiong Shear Zone diverges from the contact between the 
Coolac Serpentinite and the Young Granodiorite, the serpentinite/granodiorite contact has 
a step-like morphology, comprising a N-trending faulted contact offset by sinistral NW- 
trending faults. Both the serpentinite and granodiorite are weakly deformed compared to 
farther south where the Jugiong Shear Zone forms the contact between the two units.
Deformation along the N-trending contact is variable ranging from localised 
mylonite development in the north to weakly deformed rocks south of the Mumimbidgee 
River where massive ultramafics and granodiorite are separated by less than 50 cm of
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schistose serpentinite. However, mostly the ultramafics are serpentinised in a 10 m wide 
zone adjacent to the contact. S-C fabrics within this zone indicate oblique-slip with a 
sinistral strike-slip component (Fig. 3.6). Where mylonite is developed in granodiorite, a 
weak mineral-elongation-lineation is commonly present and parallels the SE movement 
direction indicated in the adjacent serpentinite.
Like the N-trending contacts, massive harzburgite occurs along the NW-trending 
contacts with the granodiorite, commonly with a narrow marginal zone, up to 10 m wide, 
of schistose serpentinite. Within 2 to 10 m of the contact massive granodiorite is 
silicified, fractured and cut by subvertical quartz-albite-epidote veins and chloritic 
cataclasite zones up to a few cm wide. The cataclastic zones in the granodiorite are 
parallel to the contact and shear planes (C planes) within the serpentinite. A foliation, 
present in serpentinised zones, trends NW and dips steeply to the SW. S-C relations in 
the serpentinite indicate sinistral transtensional movement consistent with gently SE- 
pitching lineations on the shear planes and slickenlines on the fault contacts (Fig. 3.6b).
The N-trending contacts and adjacent deformed zones within the serpentinite and 
granodiorite are invariably truncated by the NW-trending faults, which in places, extend 
into the Young Granodiorite. Where the NW-trending faults can be traced into the 
serpentinite they appear to be rotated into parallelism and merge with the schistose 
serpentinite zone bordering the Mooney Mooney Fault. These faults are interpreted as 
splays formed during sinistral strike-slip movement on the Mooney Mooney Fault.
3.3.4 Jugiong Shear Zone
The Jugiong Shear Zone (Basden 1974) forms a north-trending mylonitic zone 
extending for over 100 km mostly within the Young Granodiorite. Only the southern 
portion (30 km) of the zone is situated in the Tumut area. The zone has been mapped a 
further 20 km to the south as part of the Mooney Mooney Fault Zone (Basden 1986) and 
probably continues 30 km farther south where it is terminated by the Long Plain Fault 
(Owen & Wybom 1979a)(Fig. 3.1). In the Tumut area it forms, for part of its length, the 
contact between the Coolac Serpentinite and the granodiorite.
The shear zone ranges from 1000 m wide in the north to less than 400 m in the 
south. The zone is characterised by a weakly to strongly developed, subvertical to steep, 
E-dipping foliation with a steeply-pitching mineral-elongation lineation in the more 
intensely deformed rocks (Fig. 3.6c, e & i). The degree of strain is variable throughout 
the zone but is generally greatest along the western margin where ultramylonites 
(terminology after Wise et al 1984) are common.
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Within the zone, primary coarse plagioclase crystals are deformed and fractured 
with most quartz and some K-feldspar crystals recrystallised to fine-grained strained 
ribbon or unstrained polygonal mosaics. Minor discontinuous quartz veins are in places 
parallel to the foliation. Deformed asymmetrical biotite 'fish' (Lister & Snoke 1984), 
commonly replaced by finer-grained foliated biotite and white mica aggregates, define 
micro-scale S-C fabrics which indicate E-side up (i.e. reverse sense of shear).
The dominant mylonitic fabric of the shear zone is disrupted locally by spaced 
reverse shear planes and sinistral strike-slip cataclastic zones. Between the Wee Jasper 
and Bumbolee Creek Roads, spaced shear planes (<1 cm apart), dipping moderately to 
the east, are commonly present in the Jugiong Shear Zone (Fig. 3.6e). Prominent 
slickenlines pitch about 90° on the shear plane. The shear planes deform the mylonitic 
foliation, with indicated reverse movement, and are associated with localised chlorite and 
minor sphene retrogressive alteration. Similar alteration is associated with cataclasis of 
the mylonitic rocks within an approximately 10 m wide zone along the contact with the 
Coolac Serpentinite northwest of Splitters Hill. Here blocks of massive harzburgite and 
chloritised granitic cataclasite, up to 5 m across, form a tectonic melange. A small lens of 
serpentinite, within this zone, 2 km northwest of Splitters Hill, contains well-developed 
S-C fabrics which indicate sinistral strike-slip displacement. Both the reverse shears and 
the cataclastic zones represent later retrograde metamorphism during a deformation event 
not previously recognised within the Jugiong Shear Zone.
3.3.5 NNE-trending cross-faults and shear zones
The Mooney Mooney Fault Zone is cut by a number of NNE-trending cross-faults 
and shear zones which show predominantly dextral strike-slip displacements (Fig. 3.6). 
In the south, discrete offsets in the faulted margin of the Bogong Granite pass into wider 
shear zones within the Coolac Serpentinite and the Young Granodiorite. A broad zone of 
dextral shearing also occurs within the serpentinite farther north between Capel Hill and 
Millers Hill. It passes into narrow discrete shear zones displacing the mylonitic foliation 
in the Young Granodiorite.
Older fabrics in the serpentinite are completely obliterated and an S-C fabric, 
defined by a near vertical, E-dipping foliation and a steeply ESE-dipping shear plane, is 
ubiquitous (Fig. 3.6f). Intensely foliated serpentinite in the Capel Hill area grades 
northwards into fractured and serpentinised harzburgite in the Millers Hill area. 
Slickenlines on the shear planes are rare, and where present plunge subhorizontally. 
Mainly dextral strike-slip with a minor reverse displacement is indicated.
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Overall the sense of displacement on the NNE-trending shear zones reflects a 
transpressional regime. The development of these faults post-dates major fault 
movements in the area. The orientation and sense of displacement of the the NNE- 
trending shear zones is compatable with a conjugate relationship with the sinistral strike- 
slip faults. Although the angle between the main fault and the NNE-trending faults is 
rather small for the latter to be a conjugate Riedel (R') Shear, this angular relation could 
be explained by the interplay of brittle and ductile behaviour in respectively granitic and 
serpentinised ultramafic rocks. They are similar in orientation and nature to mylonitic 
zones in the Wondalga Granodiorite (Wagga Metamorphic Belt) which show conjugate 
and mutually cross-cutting relationships with a NNW sinistral set (Stuart-Smith 1988).
3.4 HISTORY OF THE MOONEY MOONEY FAULT ZONE
Structural analysis of the Coolac Serpentinite and adjacent rocks in the the 
Mooney Mooney Fault Zone reveals a complex history of both vertical and horizontal 
movement. Overprinting relations in the Jugiong Shear Zone indicate that vertical 
movement preceded sinistral strike-slip movement which in turn was followed by NE- 
trending dextral strike-slip movement. Structures within the Mooney Mooney Fault 
reflect only the latter two movements. The Coolac Fault records both vertical and sinistral 
strike-slip displacement. Thus the Mooney Mooney Fault Zone represents an imbricate 
strike-slip fault zone with three distinct phases of movement. An earlier Early Silurian 
strike-slip history can also be inferred (see chapter 2). However, such movement is not 
recorded in fault structures. These four periods of movement are shown schematically in 
Fig. 3.8.
3.4.1 Early Silurian strike-slip movement
The Tumut Basin is an interpreted Early Silurian palaeogeographic province (see 
Chapter 5) which pre-dates structures preserved within the Mooney Mooney Fault Zone. 
After restoration of post-Early Silurian displacements, Early Silurian flysch and volcanics 
within the basin are juxtaposed against subaerial volcanics of the Goobarragandra Block, 
separated only by an elongate ultramafic body (the Coolac Serpentinite, Fig. 3.9a). The 
lateral continuity across the Mooney Mooney Fault of the correlative Blowering 
Formation and Goobarragandra Volcanics and their comagmatic relationship to the 
subvolcanic Young Granodiorite indicate that the fault zone does not represent a Silurian 
terrane boundary as proposed by Basden et al (1987).
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Fig. 3.8 D iagram m atic  sketch 
showing Silurian and Devonian history 
o f the Mooney Mooney Fault Zone 
(MMFZ): (a) Early Silurian (-425 Ma)
- extension and formation o f the 
Tumut Basin, strike-slip movement 
(either sinistral or dextral) on the 
MMFZ; (b) Late Silurian - folding of
basin sedimentary-volcanic sequence, 
reverse movement on the MMFZ and 
Jugiong Shear Zone (JSZ); (c) mid- 
Devonian (375 Ma) - sinistral strike- 
slip movement on the MMFZ, 
formation of fau lt splays and imbricate 
structure; (d) mid-Devonian (375 Ma)
- local dextral strike-slip faulting.
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Fig. 3.9 ^-Geological map showing balanced restoration of mid-Devonian sinistral 
strike-slip displacement on the Mooney Mooney Fault Zone after effects of later dextral 
faulting have been removed: (a) pre-faulting position (ie. Late Silurian); (b) main 
movement on the Killimicat, Coolac, and Mooney Mooney Faults (total displacement - 24 
km); (c) final movement on the Mooney Mooney Fault only (4 km). Note, this 
reconstruction ignores probable minor vertical displacement and is based upon: clustering 
of satellite serpentinite bodies southwest of the main body, grouping of zones of North 
Mooney Complex intrusion in both the north and south, matching of the 
serpentinite!granodiorite contact in the north, juxtaposition of leucogranite bodies on the 
Coolac Fault with the Bogong Granite, matching of a sedimentary unit at the top of the 
Blowering Formation across the Coolac and Mooney Mooney Faults in the north._______
The basin was an area of active extension in a NNW direction during Early 
Silurian sedimentation and volcanism (see chapter 2). As no extensional structures have 
been documented in the Goobarragandra Block the Mooney Mooney Fault Zone which 
separates the two areas may have acted as an accommodation zone (Fig. 3.8a). Thus the 
Mooney Mooney Fault Zone was probably an active Early Silurian strike-slip fault 
bordering a transtensional basin, the Tumut Basin. Both Powell (1983a) and Packham 
(1987) have interpreted Early Silurian strike-slip faulting in their tectonic models of 
southeastern Australia. Powell (1983a) on the basis of the obliquity of meridional mid 
Silurian horsts and grabens in the Lachlan Fold Belt to the NNW-trending Wagga 
Metamorphic Belt interpreted a dextral strike-slip movement, whereas Packham (1987) 
suggested mainly sinistral movement to account for displacement of an interpreted 
Ordovician volcanic arc.
3.4.2 Late Silurian reverse movement
The earliest preserved structures in the Mooney Mooney Fault Zone indicate 
reverse displacements (i.e. east side up) on the vertical to steeply east-dipping Jugiong 
Shear Zone (Fig. 3.8b). Where the Jugiong Shear Zone diverges from the margin of the 
serpentinite the granodiorite/ serpentinite contact is not highly deformed and intrusive 
contacts between the two units are locally preserved. As the granodiorite and capping 
Goobairagandra Volcanics (or its equivalents) occur on both sides of the Jugiong Shear 
Zone total vertical displacement was probably at the most a few km.
The orientation of the foliation in the Jugiong Shear Zone (Fig. 3.6c, e & i) differs 
from that in the adjacent serpentinite but is close to the axial-plane cleavage in Silurian 
metasediments and volcanics within the Mooney Mooney Fault Zone (Fig. 3.10). 
Elsewhere in the Tumut Synclinorial Zone the Ordovician and Silurian units typically have
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a subvertical elongation lineation and N-trending foliation sub- parallel to that observed in 
the Mooney Mooney Fault Zone and Jugiong Shear Zone (see chapters 4 & 5). This 
similarity in structural geometries, together with indicated lower greenschist-facies 
metamorphism, suggest that the Jugiong Shear Zone may have formed in response to the 
same E-W compression which produced NS-trending upright folds and associated axial- 
plane cleavages in Silurian units throughout the Tumut region during the Late Silurian.
N
Equal Area
Mean SI 90/76
• Pole to SI cleavage
□  Mineral elongation lineation 16/155-24
Fig. 3.10 Stereoplot o f main 
structural elements o f all Silurian 
metasedimentary and volcanic units in 
the Mooney Mooney Fault Zone.
When the shear zone is restored to remove dextral NE-trending fault 
displacements (Fig. 3.11) it is noticeable that the mineral-elongation-lineation pitches 
away from each of the two bends in the zone and maintains a consistent divergence on 
each of the three segments of the shear zone. This pattern can be explained if the bends 
were present at the time of formation of the shear zone and that the lineation, originally 
pitching about 90°, was rotated to its present position by later steepening of the limbs 
(Fig. 3.12). Thus the shear zone probably represents a steepened E-dipping thrust.
Apart from minor reverse movement recorded in the Coolac Fault there is no 
evidence that the Mooney Mooney Fault Zone was active during the Late Silurian 
deformation. The Coolac Fault may have initiated during this event and been the principal 
zone of displacement for the fault system. Although minor Late Silurian movement may 
have been possible, Mid-Devonian strike-slip faulting can account for observed 
displacement along the Mooney Mooney Fault.
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Fig. 3.11 Structural sketch map of 
part o f the Jugiong Shear Zone 
showing-plunge o f mineral elongation 
lineation.
N
Equal Area
Original position Fig. 3.12 Equal area stereoplot 
showing mean foliation and mineral 
elongation lineation fo r the three limbs 
(A, B & C) o f the Jugiong Shear Zone 
show in Fig 3.11. The differences in 
orientation o f the lineation can be 
explained by rotation of the limbs from  
an originally shallow easterly dip with 
a common E-plunging lineation.
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3.4.3 Mid-Devonian sinistral strike-slip movement
After intrusion of the Bogong Granite (410±16 Ma, Ashley et al 1971) the 
Mooney Mooney Fault Zone was reactivated as a sinistral strike-slip fault zone (Fig. 
3.8c). Crosscutting relationships indicate that movement on the Killimicat and Coolac 
Faults preceded final movement on the Mooney Mooney Fault. Matching of stratigraphic 
units across the fault system indicates a total horizontal displacement of about 28 km (Fig. 
3.9). A schistose serpentinite zone, characterised by widespread S-C fabrics, developed 
along the smeared out western margin of the Coolac Serpentinite and chloritic cataclasites 
formed on the faulted contacts of the Bogong Granite and Young Granodiorite. Fault 
splays with transtensional sinistral displacements developed off the Mooney Mooney 
Fault resulting in the step-like morphology of the serpentinite/ granodiorite contact.
In the south, where the Jugiong Shear Zone adjoins the Mooney Mooney Fault, 
retrogressive metamorphism accompanied local deformation of the mylonitic fabric in 
cataclasite zones along sinistral strike-slip faults zones. Shear planes with reverse 
displacements developed in a transpressional domain within a restraining bend resulting in 
a classical strike-slip geometry of structural elements (Fig. 3.13).
3.4.4 Mid-Devonian dextral strike-slip movement
During the final stages of sinistral strike-slip movement of the Mooney Mooney 
Fault Zone a conjugate set of NE-trending dextral faults and shear zones developed in the 
south in localised transpressional zones along the Mooney Mooney Fault (Fig. 3.8d).
The age of both sinistral and dextral strike-slip movement is poorly constrained. 
Both post-date the Early Devonian Bogong Granite. They are probably mid-Devonian as 
the orientation, sense of movement and magnitude of displacements is similar to other
Fig. 3.13 Angular relations between 
mid-Devonian structures o f the 
Mooney Mooney Fault Zone 
superimposed on a strain ellipse for the 
overall deformation.
16/ 155-22 PDZ - principal displacement zone.
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fault sets throughout southeastern Australia (Beams 1975, Fergusson et al 1979, White et 
al 1976) where movement is constrained to about 375 Ma (Powell 1983b).
3.5 ORIGIN AND UPPER CRUSTAL EMPLACEMENT OF THE COOLAC 
SERPENTINITE
The discovery of a conformable contact between the Honeysuckle Beds and the 
Blowering Formation, and the recognition that both units face east in the Mooney Mooney 
Fault Zone is inconsistent with the Ashley et al (1979) interpretation of an ophiolitic 
suite. The Honeysuckle Beds, rather than being one of the oldest units in the Tumut 
Trough, directly overlying the Coolac Serpentinite (Basden 1986), is instead the youngest 
Silurian unit in the proposed Tumut Basin.
No evidence was found to support Basden et al (1987) interpretation of a 
"knocker terrane melange" overlying the Coolac Serpentinite. The Silurian units within 
the Mooney Mooney Fault Zone do not show melange characteristics commonly 
associated with other obducted ophiolitic suites: such as post-depositional soft-sediment 
disruption (Karig & Sharman 1975, Theyer 1983, Ricci et al 1985, Donato 1987), 
transposition foliation (Nelson 1982), rootless isoclinal folds (Ricci et al 1985), the 
presence of exotic blocks and a diversity of lithotectonic elements (Hsu 1968, Donato 
1987, Jayko et al 1987, Saleeby 1982). By comparison, the stratigraphy of the Silurian 
sediments and volcanics is coherent and only one phase of open to tight upright folding is 
present. In addition, there is no evidence for medium to high-P metamorphism typically 
associated with ophiolitic suites (Coleman 1981, Girardeau 1982, Stanley et al 1986, 
McCraig 1983, Jayko et al 1987, Tirrul et al 1983, Barr & McDonald 1987, Donato 
1987): rocks in the area are metamorphosed to lower greenschist facies (sericite-chlorite- 
albite-epidote).
The presence of a gabbroic complex (the North Mooney Complex) containing 
sheeted dykes (Brown 1979) has been cited as one of the main lines of evidence 
supporting the concept of the Coolac ophiolitic suite. However, Brown (1979) noted the 
near absence of one-way chilling and the relatively small size of the dykes compared to 
other ophiolitic dyke complexes. The North Mooney Complex together with the 
Honeysuckle Beds form a distinct chemical suite with major and trace element data 
indicating a marginal sea or back-arc setting (Ashley et al 1979). The data are, however, 
also consistent with the presence of a major crustal suture or thinned continental crust 
where mantle-derived magmas with oceanic affinities may be associated with continental 
extension processes (McKenzie & O'Nions 1983, Leeman & Fitton 1989). For 
example, fractionated mantle-derived tholeiitic dyke complexes intruded extended
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continental crust early in the rift history of the Red Sea prior to the formation of oceanic 
crust (Coleman & McGuire 1988). Other basic igneous complexes of the same age 
(426±6 Ma, Webb 1980), such as the Micalong Swamp Basic Igneous Complex, occur in 
adjacent but clearly continental settings. The Micalong Swamp Basic Igneous Complex 
comprises differentiated tholeiitic intrusions along a north-trending belt within the Young 
Granodiorite about 10 to 20 km east of the Mooney Mooney Fault Zone (Owen & 
Wybom 1979a & b). Both complexes have sheeted dykes (Brown 1979, Wyborn 
1977a), similar ages, intrude correlative felsic volcanic units, and are intruded by the 
subvolcanic Young Granodiorite. The intrusions could be related to a period of crustal 
extension accompanying upwelling crustal melts which produced the Silurian felsic 
volcanics and batholiths (Wybom 1977a) and may therefore be unrelated to the Coolac 
Serpentinite.
With the exclusion of the basaltic and minor sedimentary component 
(Honeysuckle Beds) and possibly the gabbroic rocks (North Mooney Complex) from the 
'Coolac ophiolitic suite' the interpretation of the Coolac Serpentinite as representing a 
slice of Silurian oceanic crust obducted during closure of the Tumut Trough is tenuous. 
The serpentinite is therefore interpreted as an Alpine-type body occupying a major crustal 
suture. Such bodies can occur as either solid state intrusions of cold serpentinite 
(Dickinson 1966), magmatic intrusions (e.g. Maltman 1975, Doblas & Oyarzun 1989, 
Bebien et al 1986), or as tectonic slivers derived from an adjacent ophiolitic terrane (Ray 
1986, Donato 1987).
The outlined structural history of the Mooney Mooney Fault Zone indicates that 
the Coolac Serpentinite was at its present structural level prior to deformation of the 
trough sequence. However, as both the serpentinite and Early Silurian sequences are 
intruded by the North Mooney Complex (-426 Ma) and the Late Silurian Young 
Granodiorite, the serpentinite must have been emplaced into the upper continental crust by 
at least late Early Silurian. The serpentinite was therefore not emplaced ('obducted') 
during Late Silurian closure (post-granodiorite intrusion) of the Tumut Trough as 
suggested by previous workers.
Some serpentinite bodies occurring along high angle faults are thought to have 
formed by diapiric emplacement of 'cold' serpentinite. These bodies are found in 
sedimentary sequences structurally overlying ophiolites and were probably formed by 
hydrolysis of ultramafic rocks and intruded during episodes of extension (Mitchell 1986). 
Rise of the bodies would be effected by their lower density compared to surrounding 
rocks, high lateral pressures and the highly faulted nature of the overlying rocks 
(Dickinson 1966). The Coolac Serpentinite structurally overlies a mafic-ultramafic
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sequence (the Jindalee Group). However, the mean measured density of 2630 Kg/m3 and 
a model density of 2720 Kg/m3 for the Coolac Serpentinite is higher than that of adjacent 
Silurian volcanics, sediments and granitic rocks (J. Leven, personal communication 
1988). In addition, the lack of other features associated with the necessary high pore- 
fluid pressures (such as melange diapirs) and the massive nature of the Coolac 
serpentinite (mostly partly serpentinised harzburgite) suggests that diapiric emplacement 
of 'cold' ultramafics in the Mooney Mooney Fault Zone was not a likely mechanism.
An intrusive model for emplacement of the ultramafics is compatible with a genetic 
link between the Coolac Serpentinite and the North Mooney Complex. However, there 
are few satisfactory analogues for similar ultramafic/mafic intrusions. The innermost 
Hellenic Ophiolite Belt is an example of an ophiolitic suite emplaced within an ensialic 
wrench zone during continental extension (Bebien et al 1986). This belt is, however, 
characterised by contact metamorphism of adjacent rocks and mutually cross-cutting 
relationships between mafic and felsic intrusions. The observed tectonic contacts and the 
absence of these features from the Coolac Serpentinite indicate that such an intrusive 
origin is unlikely.
The presence of westward-younging cumulate layering in ultramafic rocks 
(Ashley et al 1979) is consistent with both the obducted ophiolite and Alpine-type 
intrusive models. It is unlikely that primary layering would maintain its original 
horizontal position during the indicated Late Silurian and Mid-Devonian faulting. A 
westward rotation caused by drag folding into the Mooney Mooney Fault could be 
expected considering that the overall sinistral movement also involved some reverse 
displacement of the ultramafics over the Silurian units to the west (Fig. 3.5c).
The most likely mechanism for emplacement of the Coolac Serpentinite in the 
Mooney Mooney Fault Zone is that it represents a tectonic slice of basement emplaced in 
its present position during strike-slip faulting associated with Early Silurian extension 
prior to gabbro intrusion at about 426 Ma. There are numerous examples (e.g. west and 
east coast of USA, Himalayas; Ray 1986, Tapponnier et al 1981, Wright et al 1982) of 
ultramafic bodies of similar dimensions to the Coolac Serpentinite which form tectonic 
slivers in major crustal fracture zones and which were derived from structurally 
underlying or adjacent ophiolitic terranes. Along the Herat Fault (Himalayas) post- 
collisional strike-slip faults have not only displaced fragments of obducted ophiolitic 
sequences but have later localised granite intrusion (Tapponnier et al 1981). The 
localisation of the North Mooney Complex intrusions along the Mooney Mooney Fault 
Zone during Early Silurian extension in the Tumut Basin may similarly reflect the crustal 
extent of the fault zone.
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A suitable basement, from which the Coolac Serpendnite may have been derived, 
exists in the Cambrian-Ordovician Jindalee Group. The group, comprising 
mafic/ultramafic complexes and minor quartz-rich sediments, is interpreted as an oceanic 
sequence accreted during the Cambrian to Early Ordovician (Basden 1986). Although 
meta-pyroxenite and serpentinised harzburgite have been reported from the group (Basden 
et al 1978), exposed ultramafic units are strongly serpentinised and smaller than the 
Coolac Serpentinite. This may be a function of their location within basement high-strain 
zones which were the focus of tectonism during Early Silurian extension (see chapter 2).
The Coolac Serpentinite may have been emplaced into the upper crust in a similar 
fashion to allochthonous blocks of metamorphic and ultramafic rocks along strike-slip 
zones associated with oblique convergent plate boundaries (Karig 1980, Karig et al 
1986). Such a model is consistent with strike-slip models for the Tumut Trough 
(Powell 1983a, Packham 1987) and the Andaman analogue for Lower Palaeozoic 
development of the Lachlan Fold Belt (Cas et al 1980, Powell 1983a). In the Andaman 
Sea, major strike-slip faults occur within the volcanic arc about 100 km from the 
associated trench (Karig 1980) in a similar structural position and orientation to that 
interpreted by Cas et al (1980) for the Tumut region during the Lower Palaeozoic.
3.6 CONCLUSIONS
Intrusive relationships and the structural history of the Coolac Serpentinite indicate 
that it was emplaced into the upper crust during Early Silurian extension. The concept of 
a Silurian ophiolitic suite (Ashley et al 1979) incorporating the serpentinite, gabbroic 
rocks, basalt and minor sediments is rejected. The Honeysuckle Beds, which are 
supposed to represent the basaltic and sedimentary component of the ophiolitic suite, are 
the youngest Silurian rocks in the Tumut Basin, conformably overlying the Blowering 
Formation. Although the Coolac Serpentinite may have originated as part of an ophiolitic 
suite it is more appropriately interpreted as an Alpine-type body occupying a major crustal 
suture. The serpentinite possibly represents either an Early Silurian ultramafic intrusion 
or most likely a tectonic slice derived from the underlying Cambrian-Ordovician Jindalee 
Group.
The Mooney Mooney Fault Zone, containing the Coolac Serpentinite, is an 
imbricate strike-slip zone with a complex history of reactivation since at least the Early 
Silurian culminating in large-scale sinistral movement in the mid Devonian.
1. The system was in all probability an active strike-slip fault zone during the Early 
Silurian extensional history of the Tumut Basin.
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2. Reverse (east-side up) movement occured during deformation of the Silurian basin 
sequence in the Late Silurian. The Jugiong Shear Zone formed at this time.
3. Mid-Devonian sinistral strike-slip faulting resulted in a total displacement of about 28 
km and the formation of the schistose serpentinite margin to the ultramafic belt 
characterised by S-C fabrics. Reverse faulting occurred in localised transpressional areas 
within the Jugiong Shear Zone.
4. Conjugate NE-trending dextral strike-slip faults formed in localised transpressional 
zones during the waning stages of sinistral strike-slip movement.
CHAPTER 4
THE DEFORMATION HISTORY OF 
THE GILMORE FAULT ZONE: A 
REACTIVATED LATE PROTEROZOIC  -  
EARLY PALAEOZOIC TERRANE  
BO U N D ARY
modified version submitted for publication in the BMR Journal of Australian 
Geology and Geophysics.
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THE DEFORMATION HISTORY OF THE GILMORE FAULT 
ZONE: A REACTIVATED LATE PROTEROZOIC-EARLY 
PALAEOZOIC TERRANE BOUNDARY.
4.1 INTRODUCTION
The Gilmore Fault Zone (GFZ) (Crook & Powell 1976, Basden 1986, 1990b), 
also referred to as the Gilmore Suture (Scheibner 1985), is a major NNW-trending 
tectonic feature extending for several hundred kilometres in the southeastern part of the 
Lachlan Fold Belt (LFB). In its southern part, the zone separates Ordovician 
metasediments of the Wagga Metametamorphic Belt (WMB) in the west from Ordovician 
to Early Silurian volcano-sedimentary sequences of the Tumut Block to the east (Fig. 
4.1).
The fault zone, well-defined by aeromagnetic and gravity patterns (Suppel et al 
1986, Wyatt et al 1980), is variously interpreted as: (i) a reactivated Late Proterozoic- 
Early Palaeozoic basement terrane boundary (Chappell et al 1988); (ii) a terrane boundary 
formed by collision and overthrusting of the Wagga-Omeo Terrane over the Ordovician 
Molong Volcanic Arc during the Benambran Orogeny (Degeling et al 1986; Scheibner 
1985, Suppel et al 1986); (iii) a dextral (Cas et al 1980; Fergusson 1985, Powell 1983a) 
or sinistral (Packham 1987) strike-slip fault which has offset portions of the arc and its 
associated back-arc basin (Wagga-Omeo terrane) during the Benambran Orogeny. The 
fault zone is thought to have been active during Early Silurian extension and the Late 
Silurian Bowning Orogeny (Basden et al 1987, Packham 1987)
The origin and history of the GFZ are important in any tectonic reconstruction of 
the Lachlan Fold Belt. However, little detailed work has been done to support the 
various interpretations on the nature and timing of movements on the zone. This chapter 
details structural investigations on the better-exposed southern portion of the zone. The 
oldest preserved structures indicate that the WMB was thrust over the Ordovician to Early 
Silurian volcanic sequences in a southeasterly direction during the Late Silurian 
deformation. Farther to the north the overall westward dip of the zone is supported by the 
gravimetric expression of the fault zone which shows a westward displacement from the 
surface position (Suppel et al 1986). Oblique-slip movement (sinistral reverse) also 
occurred in the mid-Devonian.
Rocks within the fault zone previously included in the Early to Late Silurian 
Tumut Trough are here considered to be part of the Ordovician to Early Silurian volcanic 
sequence. Juxtaposition of these rocks with lithologically similar units west of the fault
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zone and common structural and metamorphic histories indicate that it is unlikely that the 
GFZ represents an Ordovician/Early Silurian terrane boundary. Rather, the GFZ 
probably reflects a reactivated Late Proterozoic-Early Palaeozoic basement terrane 
boundary as suggested by Chappell et al (1988).
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4.2 GEOLOGICAL SETTING
The geology of the region is described by Moye et al (1969a, b & c), Basden 
(1986), Wyborn (1977a), and Degeling (1975, 1977). The detailed geology of the 
southern part of the GFZ is shown in Maps 6 & 7 and is generalised in Fig. 4.2. A 
summary of stratigraphic units and relationships is given, respectively, in Table 1.1 and 
Fig. 4.3.
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Fig. 4.3 Diagrammatic stratigraphy 
of units within the Gilmore Fault 
Zone.
Ordovician-Early Silurian (Llandoverian) sediments and volcanics, of the Molong 
Volcanic Arc, include the Nacka Nacka Metabasic Igneous Complex, Gooandra 
Volcanics, Kiandra Group, Bumbolee Creek Formation and the Tumut Ponds Beds. 
These units were deformed and metamorphosed during the Early Silurian (late 
Llandoverian: see chapter 5) Benambran Orogeny and then unconformably overlain by the 
Silurian (Wenlockian-Ludloverian) Blowering Formation and Ravine Beds during a 
period of extensional (transtensional) tectonics which resulted in uplift of Cambrian- 
Ordovician basement further to to the east (see chapter 2). The Tumut Ponds 
Serpentinite, present in the GFZ, is here interpreted to represent part of this basement.
During the Late Silurian Bowning Orogeny (about 417 Ma, Basden, 1982) both 
the Ordovician and Early Silurian metasediments and volcanics were meridionally folded 
and metamorphosed following granitoid intrusion (Wondalga and Green Hills 
Granodiorites, Rough Creek Tonalite and Gocup Granite).
Early Devonian sediments and volcanics (Boraig Group, Byron Range Group and 
Minjary Volcanics) unconformably overlie older rocks and are mildly deformed in the 
fault zone. Oudiers of flat-lying Tertiary basalt and minor sediments, common in the
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south as hill-top cappings, overlie the fault zone indicating a minimum of subsequent 
movement on the zone.
4.3 FAULT ZONE STRUCTURES
The GFZ comprises three main structural units. From west to east these are: (1) 
the deformed eastern margin of the WMB; (2) a central belt comprising subparallel 
segments of Ordovician-Early Silurian metasediments and volcanics, and faulted 
allochthonous slivers of serpentinite and tonalite; and (3) the folded and faulted western 
margin of the Tumut Block, comprising Ordovician, Early Silurian and Early Devonian 
rocks. Although sharing some common aspects, each of the three structural units is 
characterised by differing structural histories which together reflect the long-lived 
deformation history of the fault zone.
Schematic structural profiles through the GFZ are shown together with stereonets 
of all structural elements in Map 7. Some of these profiles are shown generalised in Fig. 
4.2 and stereoplots of the main structural elements are given in Fig. 4.4.
4.3.1 Margin of the Wagga Metamorphic Belt
The eastern margin of the WMB, comprising the Wondalga and Green Hills 
Granodiorites and a narrow screen of Gooandra Volcanics, is marked by a deformed zone 
up to 1300 m wide.
Both the metasediments and the normally massive granodiorites are typified in the 
zone by a variably developed foliation which dips steeply to the west in the north and is 
subvertical in the south. The intensity of deformation in the granodiorites progressively 
increases towards the faulted contact with the central belt, from moderately foliated to 
strongly foliated with ultramylonite (nomenclature after Wise et al 1984) zones several 
metres wide at the contact. Apart from deformed and fractured feldspar grains the rocks 
are totally recrystallised with the foliation defined by aligned muscovite, biotite, ribbon- 
quartz mosaic and polygonised quartz lenses. In the south most of this zone was 
differentiated by earlier workers (e.g. Moye 1953) as the 'Rough Creek Gneissic 
Granite’.
A mineral-elongation lineation is commonly present and plunges moderately to the 
northwest (Fig. 4.4a & b). In mylonitic granodiorite relic deformed primary biotite and 
muscovite 'fish' (Fig. 4.5), and asymmetrical lenses or tails of fine-grained polygonised 
quartz on deformed coarser feldspar grains, consistently indicate oblique-slip movement
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(sinistral transpressional). In places an S-C fabric (Berthe et al 1979) is well developed 
between a slightly shallower and more SW-dipping shear plane and the foliation (Fig. 
4.4c). The intersection of these planes is orthogonal to the mineral lineation in keeping 
with a true S-C fabric. The shear planes parallel the major fault trend, thus representing 
synthetic shears, whereas the foliation is slightly oblique to the main fault trend and 
parallels the S3 cleavage in the adjacent metasediments (Fig. 4.4e).
Fig. 4.5 Photomicrograph o f muscovite fish ' in mylonitic 
margin o f the Wondalga Granodiorite showing indicated 
movement direction.
The metasedimentary screen of Gooandra Volcanics between Gilmore and 
Buddong Falls appears to be gradational with amphibolite facies rocks north of the Nacka 
Nacka Metabasic Igneous Complex to the west (Fig. 4.6). Garnet- and andalusite- 
bearing schists within 500 m of the Complex grade through muscovite-biotite schist to 
phyllite at 1000 m. This metamorphic zoning is preserved at Valley View (see profile, 
Map 7) where the screen is at its greatest width but is truncated by the GFZ to the south 
and north. There is little evidence of major faulting at the contact between the 
metasediments and the Complex or granodiorites. At Valley View the metasediments pass 
from schists to gneisses approaching the Complex with minor quartz-feldspar leucosome 
appearing within 100 m of the contact. The structure of the metasediments and the Nacka 
Nacka Metabasic Igneous Complex, like the deformed granodiorites (Fig. 4.4a), is 
dominated by a steeply W-dipping schistosity with an associated NW-plunging mineral 
elongation lineation. Compositional banding in the metasediments and mafic rocks 
mostly parallels the schistosity, which is axial-plane to rare gently-plunging isoclinal fold
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closures. The schistosity, formed during peak metamorphic conditions, is defined by 
aligned but unstrained micas.
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The timing of schistosity development and peak metamorphism within the 
deformed margin of the WMB is constrained to the Late Silurian (Basden 1982). The 
presence of undeformed late-stage pegmatoid veins cross-cutting foliated phases of 
granodiorite (Dobos 1971) indicates that the granodiorite intrusions were emplaced during 
the later part of this deformation. No earlier structures are preserved. The age and nature 
of the schistosity suggest it is equivalent to the S3 cleavage in Bumbolee Creek Formation 
sediments in the Tumut Block to the east (see chapter 5).
The main metamorphic fabric within the deformed zone of the WMB is locally 
overprinted by later deformation closely associated with the movement on the GFZ. In 
the Cabramurra area the mylonitic fabric in the Green Hills Granodiorite is deformed by 
cataclastic zones and subparallel chloritic shear planes with subvertical to gently S- 
pitching slickenlines. Chlorite and muscovite alteration is commonly associated and the 
mineral elongation associated with the mylonitic fabric is rotated (all of the S-plunging 
lineations on Fig. 4.4 come from this area, see also Map 7). Movement on the chloritic 
shears is mostly reverse (either E- or W-side up) with a dextral strike-slip component. In 
the Valley View area the metamorphic foliation in the metasediments is tightly folded by a 
steep E-dipping, closely spaced, S4 crenulation cleavage within 700 m of the fault (Fig. 
4.4d). The cleavage, associated with E-verging folds, may be related to later reverse (i.e. 
W-side up) movements of the GFZ. The age of both this cleavage and the above- 
mentioned cataclasis is unknown.
4.3.2 Central belt
The central belt comprises mainly metasediments and volcanics of the Gooandra 
Volcanics with narrow discontinous allochthonous slivers of Rough Creek Tonalite and 
Tumut Ponds Serpentinite along the bounding faults. The belt, up to 3 km wide in the 
north, narrows southwards and pinches out about 4 km south of Cabramurra. All the 
units are characterised by a foliation or cleavage which parallels the foliation in the WMB 
to the west and the S3 cleavage in metasediments of the Tumut Block to the east.
4.3.2.1 Rough Creek Tonalite.
Massive, fractured and extensively chloritised bodies of equigranular coarse­
grained biotite tonalite occur along the western margin of the central belt. Mostly the 
margins of the tonalite bodies are converted to mylonite with structural elements parallel to 
mylonites in the adjacent deformed granodiorites (Fig. 4.4i). The mylonitic foliation 
consists of broken feldspar and quartz grains in a strongly foliated phyllonitic matrix of 
muscovite, chlorite and ribbon quartz. South of Cabramurra this fabric is rotated and
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crosscut by secondary foliated chlorite- and muscovite-rich zones. Slickenlines on the 
latter zones pitch steeply or shallowly to the south (Fig. 4.4i). Both fabrics may have 
been the result of either continuous mylonitisation, or two separate deformations as is 
indicated in adjacent granodiorite.
Although only tectonic contacts were found, the presence of foliated aplitic 
margins to the northernmost body of tonalite indicates it may intrude the Gooandra 
Volcanics.
4.3.2.2 Tumut Ponds Serpentinite.
Numerous slivers, up to 600 m wide and 25 km long, of ultramafic and mafic 
rocks occur along the length of the central belt within the major fault zones. The rocks 
include mostly massive to schistose serpentinite, and minor meta-pyroxenite, 
serpendnised harzburgite (Van DerOever 1984), talc schist, metabasalt and amphibolite. 
Typically the margins of the bodies are schistose serpentinite with a well-developed S-C 
fabric (Fig. 4.7). This fabric is dominated by a subvertical C plane, which parallels the 
major faults and the main foliation (S3 cleavage) in adjacent rocks (Fig. 4.4g & h). A 
subhorizontal mineral elongation is present on the C plane orthogonal to the intersection 
of the plane and a vertical NNE-trending flattening foliation (S plane). The orientation of 
the fabric indicates mostly sinistral strike-slip movement with a minor reverse component; 
the C planes forming synthetic shears to the main faults.
C plane
S plane
Fig. 4.7 Typical S-C fabric developed in the Tumut Ponds Serpentinite (GR 147551 
Maps 6 & 7).
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The metamorphic grade of the mafic and ultramafic rocks is lower greenschist 
facies, similar to tonalite, metasediments and volcanics within the central belt. 
Pyroxenites are altered to actinolite/tremolite and mafic rocks to chlorite + epidote 
assemblages. Near Section Creek, 7 km north of Cabramurra (GR 260289: enlargement 
G, Map 7), the western margin of the main serpentinite body consists of a chlorine 
breccia containing rotated clasts of massive meta-pyroxenite and foliated hornblende 
amphibolite. The body therefore represents an allochthonous sequence which may have 
been derived from a Cambrian-Ordovician basement similar to that proposed for other 
serpentinite bodies in the region (see chapter 3).
4.3.2.3 Metasediments and volcanics.
Metasediments and volcanics of the Gooandra Volcanics occupy most of the 
central belt The rocks are characterised by a steeply W-dipping penetrative slaty cleavage 
or schistosity which parallels the foliation in adjacent granitoids slightly oblique to the 
main fault trend (Fig. 4.4k). The cleavage is correlated with the S3 cleavage in the units 
east of the fault on the basis of its meridional trend and associated fold styles. The 
cleavage is axial plane to variably-plunging tight to isoclinal upright folds. The variation 
in fold plunge may be a result of either earlier recumbent folding such as occurs to the east 
in the Bumbolee Creek Formation, or be the result of heterogeneities in strain or both. 
There is no evidence of downward-facing beds or older structures. However, this may 
be an artifact of the greater intensity of the deformation in the GFZ. Within the belt 
bedding is mostly parallel to cleavage and the degree of metamorphic recrystallisation and 
associated strain is higher than east of the fault zone. Conglomerate pebbles which are 
undeformed east of the GFZ are flattened and stretched within the the S3 surface (Fig. 
4.8) forming a prominent elongation lineation which plunges moderately to the south 
(Fig. 4.4e). This lineation is also marked by the extension direction of boudinaged quartz 
veins and a mineral-elongation lineation in quartz-feldspar porphyries (flows or dykes?).
1 6 / 155- 1 5 /1 8
Fig. 4.8 Flynn diagram of quartzite 
pebbles in Jackalass S late  
conglomerate, Central Belt (Califat 
area).
Metamorphic grade is greenschist facies, with meta-pelites and arenites typified by 
fine-grained foliated chlorite and muscovite, and metabasalts by actinolite + chlorite +
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epidote assemblages. Biotite is also common in metasediments north of Gilmore and 
south of Talbingo Reservoir (Fig. 4.5). In the latter area S3 micas are overgrown by 
randomly oriented muscovite and biotite indicating possible contact metamorphic 
overprinting.
The relationship between fault movements and the S-plunging extension direction 
indicated by the lineation in the central belt is problematical. Oblique-slip (sinistral 
transpressional) movements are indicated by structures in the allochthonous slivers of 
serpentinite and tonalite and in the mylonitic margin of the WMB. The extension 
lineation may reflect an earlier movement history not seen in the Late Silurian granitoids 
or preserved in the serpentinite. This appears likely, as in several places approaching the 
fault contact with the Wondalga Granodiorite, the lineation in the metasediments is 
progressively rotated into parallelism with the lineation in the granodiorite. Older units in 
the belt are thrown against younger units east of the GFZ, so the earlier movement history 
was probably reverse (i.e. W-side up).
Sinistral strike-slip movements are indicated by minor structures in the central belt 
which post-date the S3 cleavage. In the north a widely- to closely-spaced, steep N- 
dipping, kink cleavage is present. The kink bands rotate the penetrative S3 cleavage with 
a consistent dextral sense of shear (Fig. 4.4j). The lack of a conjugate set indicates that 
the kinks were not a result of layer-parallel shortening but rather may have been the result 
of sinistral shear. In such a case the kinks would have developed as R' (P') shear bands 
with P the most active shear (Harris & Cobbold 1984) paralleling the S3 cleavage. 
Elsewhere minor joints and faults are present and parallel the kink bands, forming a 
conjugate set with a N-trending sinistral set (Fig. 4.4j). A sinistral strike-slip sense of 
movement is also consistent with the presence of minor subhorizontal to NW-dipping 
reverse faults and associated kink bands.
A steep ENE-trending S4 crenulation cleavage (Fig. 4.4d) is locally present in the 
central belt, particularly adjacent to the major faults where it is most intensely developed. 
The cleavage is axial plane to open F4 folds and F3 folds are rotated into recumbent 
orientations. Consistent eastward-vergences, the spatial association of the cleavage and 
its parallelism to the main faults suggests that it is probably related to late reverse 
movements on the fault zone. As there is no relationship between the cleavage and other 
minor structures its age cannot be determined. The cleavage may be equivalent to a 
similarly trending crenulation in the WMB to the west and a fracture cleavage present in 
Early Devonian sediments abutting the GFZ to the east.
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4.3.3 Margin of the Tumut Block
In the area the western margin of the Tumut Block comprises poly-deformed 
flysch of the ?Ordovician-Early Silurian Bumbolee Creek Formation unconformably 
overlain by Silurian (Wenlockian-Ludloverian) and Early Devonian felsic volcanics and 
shallow-marine sediments. Within 2 km of the GFZ all the units are affected by 
deformation associated with movements on the zone.
Throughout the Tumut Block the Bumbolee Creek Formation has a complex 
deformation history (see chapter 5). Early recumbent E-W folds (FI) are widespread, 
commonly with an associated axial-plane slaty cleavage (SI). South of the Gocup 
Granite the FI folds are refolded by coaxial open upright folds (F2) with an axial 
crenulation cleavage (S2). Both periods of folding pre-date intrusion of the Gocup 
Granite and are probably Early Silurian in age (see section 5.3.1). These early folds are 
refolded by Late Silurian near meridional-trending upright folds (F3) with a steep W- 
dipping penetrative axial fracture or crenulation cleavage (S3)[Fig. 4.4k].
The F3 folds dominate regional structures in the area, particularly in the deformed 
margin against the GFZ. Within this margin F3 folds are tight to isoclinal whereas 
elsewhere they are tight to open. Except in the 'strain shadow' areas, immediately north 
and south of the Gocup Granite, there is little evidence of FI or F2 folds in the deformed 
margin owing to the intensity of the F3 deformation and the parallelism of the different S 
surfaces. Mostly beds are upright where facing can be determined. F3 axes plunge to the 
south and north reflecting either or both earlier fold geometries and heterogeniety of 
strain. In the south, where the formation forms a narrow faulted-bounded strip adjacent 
to younger units, F3 folds are isoclinal and plunge subvertically parallel to a pebble 
elongation lineation. This lineation, where present, parallels that in the adjacent central 
belt suggesting a common origin. As with the central belt, the extension lineation may 
reflect an earlier movement history not present in Silurian (Wenlockian-Ludloverian) and 
younger units. Older units in the belt are thrown against younger units east of the GFZ, 
so the earlier movement history was probably reverse (i.e. W-side up). Anticlockwise 
rotation of the S3 cleavage into the fault zone indicates a component of sinistral shear 
either during this or a later movements on the fault zone.
The Silurian (Wenlockian-Ludloverian) and Early Devonian units are down- 
thrown against either the Bumbolee Creek Formation or Gooandra Volcanics along the 
eastern margin of the GFZ. Where exposed this fault contact dips steeply (70°) to the 
west. The younger units east of the fault are tightly folded within 1km, with a penetrative 
foliation locally present in the Silurian (Wenlockian-Ludloverian) units. Within the Early
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Devonian units a fracture cleavage (Fig. 4.41) parallels the main fault trend and may 
correlate with the S4 cleavage in older units.
Slickenlines on minor steep W-dipping reverse faults in the Byron Range Group 
indicate a sinistral strike-slip component of displacement. Post-Early Devonian sinistral 
strike-slip movement is also indicated by normal faults in the Bumbolee Creek Formation 
and Minjary Volcanics in the Gilmore area (Fig. 4.4n). Post-S3 sinistral strike-slip 
movement is also consistent with locally developed chevron folds in the Bumbolee Creek 
Formation south of Cabramurra (Fig. 4.4m).
4.4 RELATIONSHIP TO LONG PLAIN, KIANDRA AND INDI FAULTS
The GFZ terminates in the south near the junction between the Long Plain, 
Kiandra and Indi Faults. The Long Plain and Indi Faults have previously been regarded 
as part of the one continous fault system (e.g. Wybom 1977a). However, this study 
establishes that the GFZ truncates the Long Plain and Kiandra Faults east of Cabramurra 
and continues farther southwards where it becomes continuous with the Indi Fault.
The NNE-trending Long Plain Fault separates meridional-trending Silurian and 
Early Devonian rocks of the Tumut and Goobarragandra Blocks to the north from tightly 
folded NNE-trending Ordovician to Silurian volcanic and flysch sequences of the 
Tantangara Block (Owen & Wybom 1979a & c) to the south. The fault has been 
described as a W-dipping reverse fault farther to the north where its strike is more 
northerly (Wyborn 1977b, Owen & Wybom 1979b). In the study area a section through 
the fault was examined along the Cabramurra-Kiandra road.
At this locality (Fig. 4.9) tightly folded strata in the Tumut Ponds Beds, east of 
the fault, face westwards and become progressively overturned approaching the fault. 
Within 250 m of the fault, bedding, dipping 70° SE, parallels a penetrative cleavage and 
the inferred fault contact. Northwest of the fault the cleavage in slate of the Ravine Beds 
is rotated clockwise from a near vertical N-trending orientation into parallelism with the 
fault at the fault contact. Rare quartz-fibre lineations present on the cleavage surface pitch 
about 60°NE. The above structures are all consistent with dextral reverse movement on 
the Long Plain Fault.
Mainly dextral strike-slip movement is also indicated for the Kiandra Fault which 
parallels the Long Plain Fault about 3 km to the southeast. At Tumut Ponds Dam the fault 
is marked by a siliceous breccia with subhorizontal slickenlines (Fig. 4.4o). The timing
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of movement on both the Kiandra and Long Plain Faults is probably mid-Devonian (see 
section 4.5.1.3 below) and precedes final movement on the GFZ.
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Fig. 4.9 Geological sketch map and section across the Long Plain Fault, Cabramurra- 
Kiandra road.
South of Cabramurra the GFZ swings southwards beneath a Tertiary basalt 
capping emerging as the Indi Fault. The fault throws mylonitic rocks of the Green Hills 
Granodiorite against the Ordovician Kiandra Group. The contact between both units was 
examined where exposed along the Geehi Dam access road (Locality A, Fig. 4.10). Here 
the fault dips steeply to the west and is marked by a 20 m wide ultramylonite zone in the 
granodiorite. Reverse movement is indicated by a near vertical mineral-elongation 
lineation (Fig. 4.4p) in the mylonite and slickenlines on minor synthetic shear zones in 
adjacent metabasalt of the Kiandra Group. There is no evidence to support interpreted
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Fig. 4.10 Sketch maps o f (a) Landsat lineaments, (b) mapped faults (modified from 
Owen and Wyborn 1979b, 1979c; Owen et al 1982; Wyborn 1977b). BRF = Barneys 
Range Fault; BF = Berridale Fault; C = Cabramurra; GFZ = Gilmore Fault Zone; IF = 
Indi Fault; JT = Jindabyne Thrust; JSZ = Jugiong Shear Zone; K = Kiandra; LPF = Long 
Plain Fault; MMFZ = Mooney Mooney Fault Zone\ TF = Tantangara Fault; T = Tumut\ 
TPF = Tumut Ponds Fault; WSZ = Wondalga Shear Zone.
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sinistral displacement (Wyborn 1977a) or large-scale dextral displacement (Vandenberg 
1978).
The indicated movement direction on the Indi Fault is close to that in the mylonitic 
zone within the GFZ along the margin of the WMB and is compatible with the interpreted 
latitudinal compression in southeastern Australia (Chappell & White 1976, White et al 
1976, Scheibner 1976) during Silurian and Devonian times (Wyborn 1977b).
4.5 DISCUSSION
4.5.1 Movement history
4.5.1.1 Pre-Late Silurian.
Owing to the penetrative nature of the Late Silurian deformation (Bowning 
Orogeny) and the associated metamorphism no earlier movement history is recognisable 
in fault zone structures. However, it is likely, considering the structural history of the 
WMB and the Tumut Block, that the fault zone was in existence prior to this time.
Folds, pre-dating Silurian granitoid intrusion and trending 080°, are present in 
both the WMB (Rogerson 1976) and the Tumut Block. In the latter area they are 
recumbent, and zones of consistently S- or N-facing folds are separated by minor faults 
which parallel the GFZ (see chapter 5). These faults must have acted as accommodation 
structures (e.g. tear faults) during recumbent folding. Considering the regional extent of 
the GFZ it was in all probability similarly active during the Early Silurian deformation 
(Benambran Orogeny) when folding took place. The attitude of the folds, which also 
occur elsewhere in the Lachlan Fold Belt, is thought to be a result of dextral shear on the 
major fault zones (Cas et al 1980, Powell 1983a, Fergusson 1985).
The GFZ forms the western margin of the Yarrangobilly Basin, an Early Silurian 
extensional feature (see chapter 5). The pardoning of extension from the adjacent blocks 
requires strike-slip displacement on the bounding faults which subparallel the extension 
direction in the Jindalee Block (see chapter 2). Movement on the GFZ during this period 
was probably dextral (see chapter 5).
4.5.1.2 Late Silurian
The earliest preserved structures within the GFZ were synchronous with 
meridional folding of the Ordovician and Silurian rocks in the region during the Late
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Silurian Bowning Orogeny. A subvertical elongation lineation, developed on the 
penetrative W-dipping cleavage (S3) axial-plane to the folds, reflects an E-W principal 
compression direction (PCD) and eastward thrusting of the WMB over the Tumut Block. 
This accompanied thermal uplift associated with and possibly postdating widespread 
granitoid intrusion and regional metamorphism in the WMB. The Indi Fault, having an 
orientation orthogonal to the PCD became the thrust front as the WMB overrode the 
Tumut and Tantangara Blocks. Numerous lineaments parallel to the Indi Fault within the 
WMB (Fig. 4.10a) probably reflect smaller, but similar, reverse faults.
As deformation progressed the PCD rotated slightly to the NW creating 
transpressional conditions and movement on the fault zone became oblique (sinistral 
reverse). The S3 cleavage was rotated in an anticlockwise direction and in the mylonitic 
margin of the WMB and the adjacent central belt the elongation lineation rotated from a 
steep W plunge to a more moderate NW plunge. Only this latter orientation was 
preserved in allochthonous bodies of Rough Creek Tonalite and the margin of the WMB 
where thermal gradients were still high following granitoid intrusion.
Displacement does not appear to be confined to the boundary between the WMB 
and the Tumut Block at this time. Mylonitic rocks within the Wondalga Shear Zone 
(Basden 1986, 1990b), farther to the west within the WMB, are typified by a SW-dipping 
foliation with an elongation lineation plunging 50° N (Veness 1973). The parallelism of 
fabric elements in this zone to those in mylonites within the GFZ suggests a common 
origin. Indeed, lineaments on Landsat images (Fig. 4.10a) indicate that the shear zone 
links up with the GFZ. Thus the Wondalga Shear Zone and the GFZ probably represent 
parts of a braided or imbricate oblique-slip (sinistral reverse) fault system.
4.5 .1.3 Mid-Devonian
Following deposition of Early Devonian shallow-marine sediments and volcanics, 
renewed SE-directed thrusting of the WMB is indicated by downfaulting and folding of 
the Early Devonian rocks adjacent to the GFZ and the NW pitch of rare slickenlines on 
minor faults. A crenulation cleavage (S4), locally present in older units and parallel to a 
fracture cleavage in Early Devonian pelites, may have formed during this movement. The 
crenulation is axial plane to open E-verging folds.
The S-C fabric present in serpentinite bodies within the GFZ and other minor 
structures such as kinks, joints, chevron folds and normal and reverse faults within 
Ordovician and Silurian metasediments and volcanics form a typical Riedel shear zone 
consistent with sinistral strike-slip movement on the GFZ (Fig. 4.11). In the south,
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interaction with the NNE-trending Long Plain Fault Zone is interpreted to be the cause of 
minor retrograde cataclastic zones associated with dextral transpressional shears which 
deform the mylonitic fabric along the margin of the WMB.
Y = Y shear (trend of main fault zone)
R'=Conjugate Riedel shear (minor faults, joints and kinks)
T = Tension fracture (normal faults)
P = P shear (minor faults and joints)
S = Foliation (S plane) in serpentinite 
C = Synthetic shear (C plane) in serpentinite 
S i=Sj fracture cleavage in Early Devonian strata
S4=S4 crenulation cleavage in Ordovician—Early Silurian strata
18 / 155- 15/22
Fig. 4.11 Angular relations between 
mid-Devonian structural elements of 
the Gilmore Fault Zone. Riedel 
terminology modified from Biddle & 
Christie-Blick (1985).
The Riedel shear zone fabric of the GFZ is also paralleled on a regional-scale by 
the development of NW-trending sinistral and NE-trending dextral strike-slip faults and 
N-trending thrust faults throughout the southeastern part of the LFB (Fig. 4.10b). 
Typically such fabrics can be developed at any scale (Tchalenko 1970). This point is well 
illustrated by the marked similarity of the strike-slip fault pattern in southeastern Australia 
(Fig. 4.10b) to that developed in a much larger area in eastern Turkey by the collision of 
the Arabian Plate with Eurasia (Fig. 4.12).
The movement history of the GFZ is very similar to that outlined for the Mooney 
Mooney Fault Zone (see chapter 3) and other faults in the region (Wybom 1977b). 
Vandenberg (1978) describes both reverse and sinistral movement on the Kiewa Fault 
which parallels the GFZ, forming part of the western margin of the WMB. The only
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constraint on the timing of strike-slip movement is that it post-dates the Late Silurian S3 
cleavage. However, a Middle Devonian age is indicated by the known geological history 
of the region. In the Brindabella-Tantangara region Wyborn (1977b) interpreted two 
periods of movement (one during the Late Silurian and the other post-Mid Devonian) 
corresponding to episodes of lateral compression. Powell (1983b) established the age of 
the second period of movement as post Siegenian-Eifelian and pre Givetian-Frasnian (i.e. 
Middle Devonian). It seems probable then that all or most of the structures which post­
date the Late Silurian deformation in the GFZ are also Middle Devonian in age.
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Fig. 4.12 Fault patterns in eastern 
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4.5.2 Serpentinite emplacement
The fact that S-C fabrics in allochthonous slices of ultramafic and mafic rocks 
(Tumut Ponds Serpentinite) within the GFZ are consistent with the youngest structures 
found in the Ordovician and Silurian units does not necessarily imply a post-Late Silurian
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age for their emplacement. It was noted in chapter 3 that successive deformations in the 
Coolac Serpentinite readily obliterated earlier fabrics. It is therefore not suprising that S 
and C surfaces are the only Riedel shear elements present, as in both the Coolac and 
Tumut Ponds Serpentinites the C plane approximates the Y shear (Fig. 4.11) direction 
which is found experimentally to develop only during the residual stages of deformation 
(Tchalenko 1970). The Tumut Ponds Serpentinite, like the Coolac Serpentinite, may well 
represent part of the Cambrian-Ordovician basement exposed elsewhere in the region as 
metamorphic core complexes (see chapter 2) which were emplaced during Early Silurian 
extension in the region.
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Fig. 4.13 Schematic crustal profile of the Tumut region showing relationship of major 
faults to interpreted mid-crustal detachment, based on the Tumut seismic traverse.
4.5.3 Crustal structure and terrane accretion
The crustal structure beneath the GFZ in the Tumut region is poorly known. 
However, some interpretations can be made from limited seismic, gravity, surface 
structural and granitic source data available.
4 : Gilmore Fault Zone 93
The Tumut seismic traverse (Leven & Rickard 1987) provides limited informarion 
about the upper crust under the Tumut Synclinorial Zone and the adjacent Goobarragandra 
Block. Major fault zones traversed by the survey (e.g. Mooney Mooney Fault Zone) are 
represented as vertical non-reflective zones which separate different packages of reflectors 
(Leven et al 1988a & b). Between 10 and 20 km most reflectors dip eastwards and are 
truncated by strong continous gently west-dipping reflectors (see Appendix 3). These 
latter reflectors, corresponding to a low velocity zone present on regional seismic 
refraction profiles at about 16-35 km depth (Finlayson et al 1979, Appendix 4)), are 
interpreted as a mid-crustal detachment linking the GFZ with the Mooney Mooney Fault 
Zone, Long Plain Fault and other major faults in the region (Fig. 4.13). Mid-crustal 
detachments have also been invoked in structural interpretations by Fergusson et al 
(1986) and Glen and Vandenberg (1987) for other areas of the LFB. The presence of a 
mid-crustal detachment could accomodate both the vertical and horizontal displacements 
indicated for the GFZ. The seismic character of the vertical faults in the Tumut area (ie. 
near vertical reflection-free zones terminating in a mid-crustal horizontal reflectors) is 
characteristic of intraplate strike-slip zones (Lemiski & Brown 1988, Burchfeil et al 
1989) rather than continental transform zones which are represented by continuous 
through-going crustal fractures (Lemiski & Brown 1988).
Allochthonous bodies of Cambrian-Ordovician greenstone sequences (e.g. Tumut 
Ponds Serpentinite) in the GFZ and elsewhere in the Tumut region probably represent 
parts of a thin Late Proterozoic to Early Palaeozoic crust which is interpreted to underlie 
Ordovician strata throughout the LFB (Wybom 1988). The extent of the greenstone 
sequence in the subsurface, shown in Fig. 4.13, is based on correlation of packages of 
short reflectors similar to those recorded in the Bullawyarra Schist in the Jindalee Block. 
Gravity and magnetic profiles in the region, dominated by shallow Early Silurian tholeiitic 
intrusions and the large body of Coolac Serpentinite in the Mooney Mooney Fault Zone, 
do not enable distinction of Silurian, Ordovician and older basement rocks at depth (R. 
Musgrave, personal communication, 1989). However, short wavelength (<250 km) 
residual Bouger gravity anomalies (Murray et al 1989) and magnetic anomalies 
(Wellman, 1989) reflect major differences in the trends of deep crustal structures either 
side of the GFZ over a "reworked" zone up to 100 km wide (Wellman 1989).
On the basis that granitoid source data may provide some information about the 
nature of the mid to lower crust in the region Chappell et al (1988) interpreted the GFZ 
as a reactivated terrane boundary separating Late Proterozoic to Early Palaeozoic terranes 
of different composition. Silurian S-type felsic volcanics and granitoids in the region 
were derived from partial melting of an immature feldspathic metasedimentary source 
(Chappell 1984) at pressures of 5 to 6 kb (Wybom et al 1981). The source regions for
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these melts would be on the upper and lower plate, respectively west and east of the 
interpreted west-dipping detachment beneath the GFZ (Fig. 4.13). Thus the detachment 
may well represent an older basement fault separating Late Proterozoic-Early Palaeozoic 
terranes.
The GFZ is unlikely to represent an Ordovician-Early Silurian terrane boundary 
formed by collision of the Wagga-Omeo Terrane with the Molong Volcanic Arc. Basden 
et al (1985) suggested that the Nacka Nacka Metabasic Igneous Complex may be part of 
the volcanic arc. This study concurs with Basden and others’ suggestion, and that rocks 
here interpreted as Gooandra Volcanics occur on both sides of the fault zone and are 
laterally continuous with the correlative Nacka Nacka Metabasic Igneous Complex. Thus 
volcanic rock units, comprising the volcanic arc straddle the supposed terrane boundary. 
In addition both 'terranes' share a common metamorphic (Wybom 1977a) and structural 
history.
Movement on the GFZ has been demonstrated during the Late Silurian and post- 
Early Devonian (probably mid-Devonian) and can be inferred as far back as the Early 
Silurian Benambran Orogeny. However, these movements cannot account for the 
differences in basement gravimetric and magnetic patterns and the inferred lower crustal 
composition accross the fault zone. The GFZ, therefore, most likely represents a 
reactivated basement fault associated with a Late Proterozoic-Early Palaeozoic terrane 
boundary.
4.6 CONCLUSIONS
The Gilmore Fault Zone is a long-lived imbricate fault system, up to 6 km wide, 
separating the Wagga Metamorphic Belt from the Tumut Block. Structures within the 
fault zone indicate two periods of dominantly sinistral transpressional movement: during 
regional deformation (Bowning Orogeny) in the Late Silurian and in the mid-Devonian. 
The movements, in reponse to lateral compression, resulted in the WMB being thrust over 
the Tumut and Tantangara Blocks. The Indi Fault, continuous with the GFZ, formed as a 
thrust front. An earlier strike-slip history is inferred during Early Silurian regional 
deformation (Benambran Orogeny) and subsequent Early Silurian extension.
Common structural and metamorphic histories, and lithological correlation of 
Ordovician-Early Silurian volcanic sequences straddling the fault zone indicate that the 
Gilmore Fault Zone does not represent a Late Ordovician or younger terrane boundary as 
suggested by some previous workers. Differences in geophysical expression and crustal 
composition across the zone can be explained by the the zone being a reactivated basement
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fault linked to a mid-crustal detachment interpreted as a Late Proterozoic-Early Palaeozoic 
terrane boundary.
CHAPTER 5
THE STRATIGRAPHY AND  
DEFORMATION HISTORY OF THE 
TUMUT BLOCK: IMPLICATIONS FOR 
DEVELOPMENT OF THE LACHLAN  
FOLD BELT
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THE STRATIGRAPHY AND DEFORMATION HISTORY OF 
THE TUMUT BLOCK : IMPLICATIONS FOR THE
DEVELOPMENT OF THE LACHLAN FOLD BELT.
5.1 INTRODUCTION
The southern part of the Tumut Synclinorial Zone comprises two structural units; 
the Tumut and Jindalee Blocks, which are separated by the Killimicat Fault (Fig. 5.1). 
The stratigraphy and deformation history of the Jindalee Block was discussed in chapter 2 
and an Early Silurian extensional history was interpreted. In the Jindalee Block Early 
Silurian volcanics and flysch unconformably overlie Cambrian to Ordovician basement, 
mostly separated by attenuated Ordovician to Early Silurian mafic volcanics. This 
contrasts with the Tumut Block which comprises quartz-rich to quartz-intermediate 
flyschoid metasediments and mafic and minor felsic volcanics which form a thick lower 
unit underlying an upper unit of dated late Early to early Late Silurian S-type felsic 
volcanics, mafic volcanics, and minor quartz-poor to quartz-intermediate flysch.
The association of thick deposits of flysch with an interpreted Early Silurian 
ophiohtic suite (the Coolac Ophiolite suite; Ashley et al 1979), located within the Mooney 
Mooney Fault Zone, is unique to the Lachlan Fold Belt (LFB). Elsewhere, Silurian 
deposition is characterised by bimodal volcanic sequences in basins separated by shallow- 
marine sediments and subaerial volcanics on intervening highs (Cas 1983, Powell 
1983a). The apparent unique characteristics of the Tumut region have led to a variety of 
tectonic models for its Early Silurian development. These models, most incorporating the 
concept of a Tumut Trough, were outlined in chapter 1.
However, in chapter 3 it was shown that the interpretation of an Early Silurian 
oceanic substrate to the trough is unlikely and that the ultramafic rocks represent either an 
Early Silurian intrusion or more likely dismembered slices of an older (Cambrian to 
Ordovician) ophiolitic suite. In addition basalts previously included in the ophiolitic suite 
were found to be the youngest unit in the a basinal sequence directly overlying felsic 
volcanics.
The age of the lower unit is poorly constrained; crinoid stems and trace fossils are 
not age specific (Thomson 1970, Atkins 1974, Stevens 1975, Basden 1986). Earlier 
workers included it in the Early Silurian trough sequence because of: the presence of 
proximal quartz-intermediate flysch apparently not found elsewhere in Ordovician 
sequences; the apparent similarity of quartz-intermediate flysch from both lower and 
upper units; the lack of a metamorphic grade jump between the two units and the apparent
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disparity in metamorphic grade with known Ordovician rocks west of the Gilmore Fault; 
and apparently similar structural histories. On the basis of the andesitic component of the 
lower unit Basden (1986), suggested a correlation with the late Llandoverian to early 
Wenlockian Wyangle Formation outcropping in the adjacent Jindalee Block.
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Fig. 5.1 Location and geological 
setting of the Tumut Block.
This chapter details results of stratigraphic, structural and isotopic studies on part 
of the Tumut Block and establishes that a major period of deformation involving 
widespread recumbent folding affected the lower unit prior to deposition of the upper unit 
at about 425 Ma (Landoverian/Wenlockian boundary: Strusz 1989). Characteristics of 
this deformation suggest a correlation with the Benambran Orogeny. The lower unit is 
interpreted as associated with the Ordovician to Early Silurian Molong Volcanic Arc of 
Degeling et al (1986).
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Fig. 5.2 Generalised geology o f the Tumut Block in the Tumut area (modified after 
Basden 1990a). Cainozoic sediments ommitted.
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Fig. 5.3 Diagrammatic Palaeozoic stratigraphy of the Tumut Block in the Tumut area.
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With the exclusion of an ophiolitic substrate and thick flysch deposits (lower unit) 
from the Early/Late Silurian sequence the concept of a Tumut Trough is no longer 
applicable. Instead, Early/Late Silurian rocks, comprising felsic and mafic volcanics and 
lesser quartz-poor to quartz-intermediate flysch, form a basinal sequence (the Tumut 
Basin ) up to 2500 m thick covering an area much smaller than the Tumut Trough and 
similar to the "forearc basin sequence" of Crook (1980a). Thus the Tumut region is little 
different from other basins of similar age throughout the LFB.
5.2 STRATIGRAPHY OF THE TUMUT BLOCK
The geology of the Tumut Block in the Tumut area, described by Basden (1986, 
1990b), is shown in Fig. 5.2 and a summary of stratigraphic units and relationships is 
given, respectively, in Table 1.1 and Fig. 5.3. Detailed mapping was carried out in the 
Slaughterhouse Creek area (Map 5) and along two 5- km wide traverses across the block 
(Maps 3 & 4).
The oldest unit present in the area is the Gundagai Serpentinite which occurs as 
tectonised bodies in thrust faults within the Ordovician to Early Silurian rocks (i.e. the 
lower unit). The serpentinite bodies are interpreted to represent allochthonous slices of 
part of the Cambrian-Ordovician Jindalee Group (Basden 1990b). In the Jindalee Block 
the group forms structural basement which is separated from the overlying lower unit by a 
major detachment fault (see chapter 2).
The Ordovician to Early Silurian deposits (i.e. lower unit) comprise a conformable 
sequence, at least 4 km thick, of quartz-rich to quartz-intermediate flysch, felsic and mafic 
volcanic flows and volcaniclastics. Units present include the Gooandra Volcanics, 
Frampton Volcanics, Jackalass Slate, Bumbolee Creek Formation and their inferred lateral 
equivalents; the Wermatong Metabasalt and the Snowball Metabasic Igneous Complex. 
Interbedded flyschoid sediments, volcaniclastics and mafic and felsic volcanic rocks 
previously mapped as Jackalass Slate (Basden 1986, 1990a) are here included in the 
laterally continuous Gooandra Volcanics (see chapter 4) and the term Jackalass Slate is 
restricted to a predominantly slate unit separating the underlying Gooandra Volcanics 
from the overlying Bumbolee Creek Formation in the reference area at the Jackalass slate 
quarry. The age of the Gooandra Volcanics is not known and was inferred by Owen & 
Wybom (1979a) to be ?late Darriwillian to ?early Gisbornian (late Middle to early Late 
Ordovician). Andesitic rocks, interbedded with flyschoid sediments east of the Gilmore 
Fault Zone and farther to the north in the Temora and Parkes areas, have been recently 
dated at, respectively, 435 — 5 Ma and 438±7 Ma (U-Pb zircon ages: Perkins et al in 
press, 1990). U-Pb isotopic dating of zircon from rhyolite, within the Frampton
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Volcanics south of Gundagai, yields an age of about 425 Ma (R.I. Hill, personnal 
communication 1990).
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Fig. 5.4 Discriminate diagrams for 
primary clinopyroxene phenocrysts in 
some Palaeozoic mafic lavas from the 
Tumut area. All analyses were 
obtained by wavelength-dispersive X- 
ray analysis on a Camebax electron 
microprobe at the Research School of 
Earth Sciences, ANU, using an 
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(a) Ti vs Ca+Na plot. Field 
boundaries between tholeiitic and non 
calcalkali basalts and alakali basalts 
from Leterrier etal (1982).
(b) 7 7 + 0  vs Ca plot. Field 
boundaries between non orogenic 
tholeiites and orogenic basalts from 
Leterrier etal (1982).
(c) Ti vs Al total plot. Field 
boundaries between calcalkali basalts 
and tholeiitic basalt from Leterrier et al 
(1982).
+ Honeysuckle Beds 
*  Brungle Ck. Metabasalt 
■ Gooandra Volcanics 
a Wyangle Formation
The Early/Late Silurian rocks forming the upper unit, here interpreted to overlie 
unconformably the lower unit, include mainly felsic flows and quartz-intermediate flysch 
of the Blowering Formation and minor basalt of the Honeysuckle Beds. In the adjacent 
Jindalee Block Early/Late Silurian rocks unconformably overlie older units, including the 
Brungle Creek Metabasalt (see chapter 2), a correlative of the Wermatong Metabasalt 
(Basden 1986). The upper unit is considerably thinner (-1000 m) in the Tumut Block 
than in the Jindalee Block where it is at least 2500 m thick and includes a basal late 
Llandoverian to early Wenlockian quartz-poor flysch unit (Wyangle Formation). The
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composition of abundant clinopyroxene grains, and phenocrysts in common mafic clasts, 
within the quartz-poor flysch is similar to that of phenocrysts in mafic rocks within the 
underlying lower unit (Fig. 5.4). This indicates that mafic rocks of similar composition 
to those in the latter unit, rather than penecontemporaneous mafic volcanics (i.e. 
Honeysuckle Beds), were a major source for the basal Early Silurian quartz-poor flysch.
Intrusive rocks in the Tumut Block are the Late Silurian to Early Devonian Gocup 
and Bogong Granites, Benwerrin Diorite, minor unnamed granite and diorite bodies, and 
felsite dykes. Early Devonian (lower to middle Siegenian; Barkas 1976) felsic volcanics 
and sediments of the Minjary Formation unconformably overlie the Gocup Granite.
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Fig. 5.5 Interbedded graded fine-grained quartz-rich and coarse-grained quartz- 
intermediate facies in the Bumbolee Creek Formation (GR 052061; Map 5).
One of the main reasons for inclusion of the lower unit in an Early Silurian 
trough, by earlier workers was the lithological similarity of quartz-intermediate arenite 
strata within the Bumbolee Creek and Blowering Formations. These strata, thought by 
Atkins (1974), Stevens (1974), Lightner (1977) and Crook (1980a) to belong to the one 
stratigraphic unit, were designated by them as the Stuckeys Creek Formation. However, 
quartz-rich and quartz-intermediate facies are interbedded in the Bumbolee Creek 
Formation (Fig. 5.5, see also the distribution of facies shown in Map 5). Plots of modal 
analyses (Fig 5.6a & b) also show that there are distinct compositional differences 
between the two formations. Arenites within the Blowering Formation are more 
feldspathic and contain a higher proportion of volcanic lithic fragments compared to those 
in the Bumbolee Creek Formation. Conformable contacts described by Lightner (1977)
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between the Blowering and Stuckeys Creek Formations are between different lithologies 
(dacite and arenite) within the Blowering Formation.
Qm Qp
+ Bumbolee Creek Formation 
□ Blowering Formation
□ □
Fig. 5.6 Modal arenite compositions (analyses by Lightner 1977). (a) Qm-Lt-F plot: 
Qm, monocrystalline quartz; Lt, total lithic clasts; F, total feldspar, (b) Qp-Ls-Lv plot: 
Qp, polycrystalline quartz (chert); Ls, sedimentary and meta-sediment clasts; Lv, volcanic 
clasts. Samples analysed by Lightner containing over 25% matrix (including opaques and 
metamorphic minerals) were not included.
Lithologically, quartz-rich flysch in the Bumbolee Creek Formation, described by 
Lightner (1977) and Killick (1982), is indistinguishable from Late Ordovician flysch 
elsewhere in the LFB (e.g. Wybom 1977a, Owen & Wybom 1979). In the Bumbolee 
Creek Formation (including parts of the above "Stuckeys Creek Formation") both distal 
and proximal facies are represented (Atkins 1974) and indicated palaeocurrents show a 
consistent sediment movement pattem from south to north (Kennard 1974, Killick 1982; 
Lightner 1977) the same as that determined for dated Late Ordovician flysch elsewhere in 
the LFB (Cas et al 1980). The presence of interbedded fine-grained quartz-rich and 
coarse-grained quartz-intermediate flysch is not unique to the Bumbolee Creek Formation. 
Both facies occur farther to the south in the Ordovician Boltons Beds and the basal part of 
the Temperance Formation (Owen & Wybom 1979a).
Mafic volcanics in the lower unit in the Tumut region (The Long Tunnel* and 
Snowball Mafic Igneous Complexes, and the Wermatong and Brungle Creek Metabasalts) 
vary from metabasalt to meta-andesite (classification follows that of Le Maitre 1984,
* Crops out northwest of Gundagai
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Basden 1986) and are low-K tholeiites (Basden 1986). Previously these volcanics have 
been correlated with chemically similar low-K tholeiitic metabasalt and meta-andesite of 
the Early Silurian Honeysuckle Beds (Basden 1986). The subalkaline nature of the above 
volcanic units is also reflected in the composition of clinopyroxene phenocrysts (Fig. 5.4 
a, b & c). However, differences in composition distinguish the Honeysuckle Beds from 
the other volcanics and reflect contrasting tectonic environments. Following the 
classification scheme of Leterrier et al (1982) mafic volcanics of the lower unit are 
subduction related, with calcalkaline affinities, whereas those of the upper unit 
(Honeysuckle Beds) are tholeiites falling within both intraplate and subduction related 
fields (oceanic or continental setting not distinguished). This is consistent with the 
interpretation that the former volcanics are part of the Ordovician to Early Silurian Molong 
Volcanic Arc. Some andesitic rocks in the Gooandra Volcanics (included in the Jackalass 
Slate by Basden, 1986) have high K2 O (~4% K2 O at -55% SiÜ2 , Basden 1990b) contents 
suggesting a possible affinity with the Ordovician shoshonites which characterise the 
volcanic arc elsewhere in the LFB.
5.3 STRUCTURAL AND METAM ORPHIC HISTORY
The structure of the Tumut Block is dominated by N- to NW-trending folds with a 
penetrative subvertical axial-plane cleavage which is present in both the lower 
(Ordovician-Early Silurian) and upper (Early/Late Silurian) units. This deformation is 
correlated with the Late Silurian Bowning Orogeny. An earlier deformation characterised 
by thrust faults, recumbent folds and, locally, later coaxial upright folds, is present only 
in the lower unit. Recognition of these two deformation episodes allows construction of a 
new tectonostratigraphic framework for the region. A structural profile across the Tumut 
Block, passing through Tumut, (Fig. 5.7) highlights the unconformable relationship and 
the contrast in structure between the lower and upper tectonostratigraphic units. All 
relevant structural data are presented in Fig. 5.8 a-1.
Late conjugate kinks, including a sinistral and dextral set trending respectively 
026° and 107°, are in the lower unit North of the Gocup Granite (Fig. 5.8h). The kinks 
reflect a subhorizontal, SE (156°) - directed principal compression direction parallel to the 
the regional megakinks described by Powell (1984) and Powell et al (1985) in the 
southeastern part of the LFB. They interpreted a mid-Carboniferous age for the kinking.
Both lower and upper units are mostly metamorphosed to lower greenschist facies 
within the Tumut Block. Typical metamorphic mineral assemblages of common rock 
types from both units are summarised in Table 5.1. There is no distinction in 
metamorphic grade between the two. However, along the western margin of the block,
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within the Gilmore Fault Zone where Early/Late Silurian rocks (upper unit) are absent, the 
metamorphic grade of the lower unit increases to amphibolite facies (cordierite + K- 
feldspar) (Vallance 1953, 1967, Guy 1968, Wybom 1977a) in the Wagga Metamorphic 
Belt (WMB). This grade change is gradational in places across the fault zone (see chapter 
4). Metamorphism in the WMB is characteristically high-T low-P with inferred thermal 
gradients greater than 60°C/km and has a strong zonal pattern (e.g. Vallance 1967, 
Veness 1973).
A b  c
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igneous rocks
Fig. 5.7 Structural profile A-B-C across the Tumut Block (location shown on Fig. 
5.2). Cainozoic sediments ommitted. Refer to Tablel.l or Fig. 5.3 for reference to 
geological unit symbols.
Rock ORDOVICIAN to EARLY SILURIAN EARLY/LATE SILURIAN
type
Felsic volcanics 
Mafic volcanics
A renite
Pelite
Marble
Ultramafics
bi/chl + ep + mu + qtz ± cc ± sp ± ab + Fe oxide
chi + cc ±  ab + sp ± Fe oxide 
act + ep + cc + sp ± Fe oxide
mu/ser + chl/bi ± cc
chi + ep ± ab + ser
mu/ser + chl/bi ± cc
cc + mu
tc + cc ± trem 
an tig + trem
Abbreviadons are: ab = albite; act = actinolite; andg = andgorite; bi = biodte; cc = calcite; chi = chlorite; 
ep = epidote; mu = muscovite; qtz = quartz; ser = sericite; sp = sphene; tc = talc; trem = tremolite.
Table 5.1 Summary of typical metamorphic mineral assemblages.
5.3.1 Recumbent folding and thrusting
Recumbent folds within the Bumbolee Creek Formation have been reported by 
previous workers (e.g. Atkins 1974, Crook 1978, Killick 1982). However, the 
widespread extent of these folds, their presence in other units such as the Gooandra 
Volcanics, Frampton Volcanics and Jackalass Slate, and the presence of associated thrust
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faults was not known . The recumbent folds were interpreted as the result of either the 
structural effects of granitoid emplacement (Crook 1978) or soft sediment slumping (eg. 
Crook 1978, Crook & Powell 1976) similar to other early, recumbent or upright, 
latitudinal-trending folds reported in Ordovician flysch throughout the LFB. These 
occurrences are documented by Cas et al (1980), who suggested that their formation by 
soft-sediment slumping was controlled by an interpreted northward-dipping palaeoslope 
during Ordovician sedimentation. In the Canberra region Stauffer & Rickard (1966) 
found extensive areas of downward-facing strata and interpreted early recumbent folding
Fig. 5.8 Equal area stereoplots of main structural elements.
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Fig. 5.9 Generalised map of part o f the Tumut Block showing F I fo ld  axes and facing 
of Ordovician to Early Silurian strata.
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Fig. 5.10 Geology o f the Slaughterhouse Creek area. Refer to T ab le l.l or Fig. 5 3  fo r  
reference to geological unit symbols.
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as gravitational slides formed during the Bowning Orogeny. No fold hinges were 
observed by them but were subsequently found by Hill (1975) to be within 30° of N-S. 
Crook et al (1973) related this recumbent folding to eastward-directed gravitational slides 
originating on the flank of the uplifting WMB during the Benambran Orogeny.
Although upward-facing zones predominate, evidence for large-scale recumbent 
folding in the Tumut Block within the lower unit is based on widespread areas of 
downward-facing structures (Fig. 5.9) and locally the presence of recumbent FI fold 
hinges and a bedding-parallel SI cleavage (Fig. 5.8a). Facing is readily determined in 
flysch by the common presence of graded beds and lenticular cross-bedding. FI fold 
hinges trend E-W (Figs 5.8b & 5.9) and face both north and south.
Regularly spaced, pre-FI quartz veins are common throughout the quartz-rich 
flysch. The veins are perpendicular to bedding and are largely confined to arenite beds 
suggesting their formation by extension of the more brittle arenite beds between more 
ductile shaley layers. The parallelism of the vein/bedding intersection with the FI axes 
(Fig. 5.8b) suggests a genetic relationship — the veins possibly forming during initial 
extensional stages of gravity-driven thrust sheets and fold nappes.
/  /
Ouj
Ovf
Ovg
€Og
Jackalass Slate 
Frampton Volcanics 
Gooandra Volcanics 
Gundagai Serpentinite
— Fault
I Sedimentary facing
Fig. 5.11 Interpreted geological section D-E-F through the Slaughterhouse Creek 
nappe structure. Refer to Tablel.l or Fig. 5.3 for reference to geological unit symbols.
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Fig. 5.12 Diagrammatic sketch showing one possible scenario for the development of 
the Slaughterhouse Creek nappe structure as a buckle fold. Conformable strata are 
progressively folded and thrust towards the south (a). Movement is latter reversed (b) 
with displacement along back thrusts.
N S
N S
Fig. 5.13 An alternative model for development of the Slaughterhouse Creek nappe 
structure showing its initial development as a south-facing nappe (a) which was later 
displaced by an out-of-sequence thrust (b).
In the Slaughterhouse Creek area which was mapped in detail (Map 5; generalised 
in Fig. 5.10), areas of downward-facing strata form the lower limbs of nappes 
structurally overlying low-angle thrust faults which place older strata over younger , in 
places forming imbricate stacks. These faults pre-date Late Silurian upright folding. One
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of the largest nappes, about 10 km long and 2 km wide, in the Slaugherhouse Creek area 
(Fig. 5.11), comprising a downward-facing sequence of Gooandra and Frampton 
Volcanics, overlies younger units that face in opposite directions (see Fig. 5.10). One 
possible interpretation of this structure, shown schematically in Fig. 5.12, is that it 
represents progressive deformation of a buckle fold into a southwards-facing nappe 
which was later truncated by a back-thrust. Alternatively, the structure may be explained 
by an out-of-sequence-thrust (Morley 1988) cutting the lower limb of a nappe and 
displacing it over an earlier extensional fault (Fig. 5.13).
Discontinuous bodies of Gundagai Serpentinite, up to several kilometres long and 
600 m wide, occur within the thrust faults. These bodies comprise schistose antigorite- 
serpentinite, metapyroxenite, talc-carbonate rock and talc schist. A common schistosity 
parallels the margins of the bodies and is mostly rotated into parallelism with S3 in 
adjacent metasediments (Fig. 5.81). This schistosity probably formed during thrusting. 
However, there are no kinematic indicators for this phase of movement; slickenlines and 
other minor structures relate to regional Late Silurian upright folding. The ultramafic 
bodies probably represent tectonised and ductile components of the local Cambrian- 
Ordovician basement (Jindalee Group) which were mobilised during thrust faulting. The 
common presence of a talc-carbonate margin to serpentinite bodies indicates significant 
CO2  metasomatism and/or reaction between the serpentinite bodies and the surrounding 
siliceous country rocks (Brown 1973). The formation of serpentinite from its ultramafic 
protolith involves the introduction of H2 O and a volume increase if magnesia and silica are 
not removed from the system (Hostetler et al 1966, Coleman & Keith 1971). 
Experimentally, antigorite serpentinites deform by a combination of brittle and ductile 
behaviour at a range of low temperatures (250°C - 500°C) and pressures (2 - 5kb) 
(Raleigh & Paterson 1965, Wicks 1984). At these conditions, in the presence of water, 
its strength is lower than surrounding country rocks as the fluid pressure lowers the 
effective normal stress across fractures allowing sliding to occur at low shear stresses 
(Raleigh & Paterson 1965). Compared to the deformed country rocks, the relative 
weakness and low density of the altered ultramafic rocks, together with possible volume 
expansion associated with serpentinisation, would have assisted mobilisation of 
serpentinite into fault zones.
The presence of thrust faults in the Tumut Block, requires a decollement surface at 
depth either within or beneath the Gooandra Volcanics. Throughout the Tumut 
Synclinorial Zone the Jindalee Group forms structural basement, and the top of this unit 
may well have acted as a decollement surface (e.g. Fig. 5.12) as it does not appear to be 
involved in thrusting or stratigraphic repetition. In the Jindalee Block this surface also 
formed a detachment fault during Early Silurian extension in the region (see chapter 2).
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In the same area, Ordovician to Early Silurian flysch and volcanics above the basement is 
considerably thinned or totally absent. High-strain zones, within the basement, 
containing tectonised bodies of serpentinite, possibly represent early thrusts reactivated as 
extensional structures during the Early Silurian.
In the Tumut township area, particularly between Gilmore and Blowering Dam, 
the SI cleavage forms the dominant structure, typically defined by strongly oriented 
muscovite and biotite/chlorite parallel to bedding surfaces. In the same area, FI 
structures are folded by coaxial upright open to tight F2 folds (Fig. 5.8d). A penetrative 
vertical crenulation cleavage (S2) is axial plane to F2 folds (Fig. 5.8c) and locally forms a 
differentiated cleavage comprising quartz- and mica-rich microlithons. Elsewhere in the 
region the development of F2 and S2 is either weak or absent, such as north of the Gocup 
Granite. The presence of a second generation of upright folds, coaxial with the recumbent 
folds, in the Tumut area was noted by Killick (1982), however, he miss-correlated them 
with the Late Silurian meridional folds which were mapped incorrectly by Lightner (1977) 
and Basden (1982) as trending NW, rather than NNE in the Blowering Dam area. The 
coaxial nature of the FI and F2 folds and the spatial coincidence of their greatest intensity 
of development suggest that the folds resulted from a progressive, possibly continuous, 
deformation.
The timing of FI and F2 folding is tightly constrained to about 425 Ma as they 
post-date extrusion of the Frampton Volcanics (-425 Ma) and predate deposition of the 
late Llandoverian to early Wenlockian Wyangle Formation*. Both periods of folding 
therefore correlate closely with the middle Llandoverian second Benambran fold episode 
of Owen and Wybom (1979a) in the Brindabella-Tantangara area to the east of the Tumut 
region. In the former area a major structural and metamorphic discontinuity is present 
beneath Late Llandoverian to ?early Ludlovian shelf sediments (Owen & Wybom 1979a, 
Wybom 1977a).
The indicated Early Silurian timing of FI folding is consistent with intrusive 
relationships. Within the contact aureole of the Gocup Granite the SI cleavage, defined by 
differentiated relic foliae of recrystallised muscovite, chlorite and quartz, is overprinted in 
pelitic horizons by rounded chloritised and sericitised cordierite porphyroblasts (Fig. 
5.14). The cleavage therefore predates granite intrusion in contrast to the S3 cleavage 
which post-dates it. Owing to the weaker development of the S2 cleavage in the regions 
of the granite, its timing relative to intrusion of the Gocup Granite cannot be established.
* Note: this date was obtained from allochthonous clasts (Lightner 1977) and so 
represents a maximum age for the unit.
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Fig. 5.14 Photomicrograph o f metasiltstone within the contact aureole o f the Gocup 
Granite showing rounded aggregates of metamorphic cordierite (now retrogressed to 
sericite; pale colour) overprinting SI fabric, the latter delineated by recrystallised 
micaceous and quartz-rich foliae.
5.3.2 Upright meridional folding
All earlier structural elements are refolded by Late Silurian upright open to tight 
and rarely isoclinal F3 folds which have a penetrative steep SW- to W-dipping axial-plane 
cleavage (S3) (Fig. 5.8e, f, i, j & k) in Ordovician to Early Silurian rocks (i.e. lower 
unit). These folds, present in both the lower and upper units, form the dominant patterns 
on regional maps of the area (eg. Tumut 100 000 Sheet area; Basden 1990a). In the 
upper unit, where they are the only folds present (FI), they are open, upright and plunge 
subhorizontally. In the lower unit equivalent (F3) fold axes show variable plunges 
reflecting superposition on FI and, to a lesser extent, F2 folds. The axial trend swings 
from NNW (335°) north of Tumut (Fig. 5.8e & 5.15) to NNE (009°) south of Tumut 
(Figs. 5.8i & k & 5.15). In the upper unit the axial-plane SI cleavage, corresponding to 
the S3 in the lower unit, is variably developed as a closely-spaced weak fracture cleavage 
particularly in pelitic units. The relationship of all structural elements in the Ordovician to 
Early Silurian rocks (lower unit) is shown schematically in Fig. 5.16.
East and west of the Gocup Granite F3 folds become progressively tight to 
isoclinal with subvertical to steep W-dipping axial surfaces which decrease to less than 
70° adjacent to the Killimicat Fault (see Maps 3 & 5). The strain associated with S3 also
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Fig. 5.15 Generalised map o f par: of the Tumut Block showing trends of S3 cleavage 
and F3 axes in Ordovician to Early Silurian strata and SI in Early/Late Silurian strata.
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increases away from the granite. Conglomerate pebbles which are undeformed around 
the northern margin of the granite become flattened and stretched within the S3 surface 
forming a prominent elongation lineation pitching about 80° to the NW (Fig. 5.8g) on the 
S3 surface throughout most of the block. This lineation is also defined by stretched 
crinoid stems in marble and quartz fibres in boudinaged quartz veins. Within the Gilmore 
Fault Zone this lineation is rotated into a subhorizontal orientation by sinistral strike-slip 
movement (see chapter 4). The style of F3 folds changes from cylindrical in the granite 
envelope to non-cylindrical in areas of higher strain adjacent to the Killimicat Fault and 
Gilmore Fault Zone. In these areas F3 axes are subparallel to the elongation lineation 
indicating that variation in F3 plunge is caused, at least in part, by heterogeneities in strain 
as well as superposition on FI folds.
Quartz veins
Sedimentary facing
Fig. 5.16 Sketch showing relationship o f main structural elements in Ordovician to 
Early Silurian flysch.
Around the northern and southern margins of the Gocup Granite F3 folds are 
open and S3 is present only as a weak fracture cleavage which dips away from, and fans 
around, the granite contact (Fig. 5.15). This pattem reflects the 'strain shadow effect' of 
the granite which pre-dates the deformation. This age relationship, recognised by Atkins 
(1974) and Duff et al (1979), is also supported by F3 folding of porphyritic felsite dykes 
which intrude the Gocup Granite, and the deformation of contact metamorphic textures by 
S3.
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Earlier structures within the Gundagai Serpentinite are mostly obliterated by the 
S3 cleavage which forms shear planes particularly on the margins of the serpentinite 
bodies. Where the contact between the serpentinite and adjacent metasediments is 
exposed within F3 fold hinges, the shear planes and S3 cleavages are continuous across 
the contact indicating that the thrust faults were not active either during or after F3 
folding. However, most of the serpentinite bodies lie on the limbs of regional F3 folds. 
In these areas minor west side-up vertical movement is indicated by the presence of S-C 
fabrics formed by the shear planes and a shallow E-dipping foliation. Crysotile-vein 
fibres and slickenlines, commonly present on the shear planes, are subparallel to the 
subvertical elongation lineation in the metasediments (Fig. 5.8g & 1).
The timing of meridional upright folding throughout the Tumut Block is 
constrained to the Late Silurian. Regionally this deformation has been referred to as the 
Bowning Orogeny (e.g. Packham 1987) or Bowning fold episode (Owen & Wybom 
1979a). Folding post-dates deposition of the early middle Ludlovian (ie. -420 - 417 Ma) 
Blowering Formation and predates the intrusion of the Early Devonian Bogong Granite 
(410 ± 16 Ma; Ashley et al 1971) and deposition of the early to middle Siegenian (-406 - 
400 Ma, Barkas 1976) Minjary Volcanics. The latter unit forms relatively flat-lying 
outliers unconformably overlying older strata. On the basis of a clustering of isotopic 
ages around 417 Ma on igneous rocks in the region, Basden (1982, 1986) suggested this 
age for the folding episode.
The age of the folding is further constrained as F3 post-dates intrusion of the 
Gocup Granite. K-Ar radiometric dates on biotite from the granite give an interpreted 
crystallisation age of 409 ±  2 Ma (Richards et al. 1977) similar to that of the Bogong 
Granite which is interpreted to post-date folding (Lightner 1977, Basden 1986). If the 
interpreted crystallisation age for the Gocup Granite is correct then the folding must have 
occurred at about the Late Silurian/Early Devonian boundary. However, it is unlikely 
that this age represents the true age of granite emplacement. All other granitoids of this 
age in the region, are I-type granitoids, form part of the Boggy Plain Super Suite 
(Wybom et al 1987) and intrude coeval Early Devonian volcanics where associated. The 
Gocup Granite differs in that it is peraluminous, similar chemically to other Late Silurian 
S-type granitoids in the region (D. Wybom, personnal communication, 1988), and is 
unconformably overlain by Early Devonian volcanics (Minjary Formation; Barkas 1976).
Although the relationship between folding and Gocup Granite emplacement was 
not recognised by Basden (1982, 1986, 1990b), the suggested age of 417 Ma for the 
Bowning fold episode may be correct if the 409 Ma age for the granite represents a 
thermal cooling event rather than a crystallisation age as has been previously supposed.
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The Gocup Granite is probably similar in age to the Green Hills and Young Granodiorites 
(i.e. -420 Ma; Webb 1980, Evemden & Richards 1962).
5.4 DISCUSSION
5.4.1 Comparison with the deformation history of the Wagga Metamorphic 
Belt
The deformation history of the lower unit in the Tumut Block is closely paralleled 
by that outlined by others for Ordovician metamorphics in the adjacent WMB providing 
further evidence for an Ordovician to Early Silurian age for the lower unit A summary of 
the structural history of both regions is given in Table 5.2.
Structural elements
Deformation Age
TUMUT BLOCK WAGGA METAMORPHIC BELT
D3 Mid-Devonian F4: open to tight, E-verging
S4: crenulation, fracture 
mean 82/061
F3: chevron , E-verging
mean: 35/360 4, 16/3301, 14/340 3 
S3: crenulation 
mean: 78/055 1
D2 Bowning
Orogeny
Late Silurian 
(417 Ma.)2
F3: open to isoclinal, upright 
variable fold plunge
F2: tight to isoclinal, upright 
mean 15/3101, trend 150 5
S3: crenulation, fracture, foliation S2: crenulation, fracture, foliation 
mean: 89/245 N of Gocup Gr., mean: 86/2303 
86/099 S of Gocup Gr.
Associated flattening and steep Associated flattening and steep 
NW-plunging elongation lineation NW-plunging elongation lineadon 
mean: 79/290
D1 Benambran Early Silurian F2: open, upright
Orogeny (-425 Ma.) mean: 7/084
S2: crenulation 
mean: 89/174
FI: recumbent FI: rare isoclinal in E1, in S upright
mean: 43/093 tight to isoclinal trending 080 5
S1: bedding-parallel slaty cleavage S1: bedding-parallel foliation in E1*3
1 = Barnes (1972), 2 = Basden (1982), 3 = Dobos (1971), 4 = Langely (1972), 5 = Rogerson (1976).
Note: all F and S surface orientations shown as, respectively, plunge/plunge azimuth and dip/dip azimuth
Table 5.2 Summary of structural history.
Two main deformation episodes associated with prograde regional metamorphism 
and a third low-grade deformational event are recognised in the WMB (Rogerson 1976, 
Barnes 1972, Heilman 1976). The first event affected only metamorphic rocks and 
produced a layer parallel foliation (SI) defined by preferred orientation of metamorphic 
minerals (Dobos 1971). Associated folds are either not observed (Barnes 1972) or 
present as relic isoclinal fold hinges (Dobos 1971). Duff et al (1979) inferred early
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recumbent folds to explain the presence of downward-facing structures. In the southern 
and western parts of the belt first generation folds are upright, tight to isoclinal, and trend 
E-W (Rogerson 1976, Heilman 1976).
The second deformation formed NW-trending cylindrical tight to isoclinal folds 
with a penetrative axial-plane cleavage (S2: Rogerson 1976, Barnes 1972, Dobos 1971). 
This cleavage is the dominant structural surface throughout the belt and varies in form 
depending on host lithology as a crenulation or fracture or foliation (Barnes 1972). Peak 
metamorphism was reached during this deformation (Langely 1972, Dobos 1971, 
Rogerson 1976) and SI fabrics were largely recrystallised with S2 well-defined by planar 
preferred orientation of metamorphic minerals (Dobos 1971). Late Silurian S-type 
granitoids intruded during the later part of this deformation, after peak metamorphism, as 
foliated marginal phases of the granitoids are crosscut in places by late-stage undeformed 
pegmatoid veins (Dobos 1971). The foliation in the granitoids, which is continuous with 
the S2 cleavage in adjacent metamorphics, dips steeply to the SW and, in places, contains 
an elongation lineation pitching 50° NW (Veness 1973).
The third phase of folding was minor crenulate deformation associated with 
chevron folding in mainly pelitic rocks (Barnes 1972). The cleavage (S3) trends 325° - 
360° with a vertical to steep easterly dip. Folds, plunging gently to the NNW, show Z- 
vergence (Dobos 1971; Barnes 1972). The S3 cleavage deforms earlier metamorphic 
fabrics and is not associated with new mineral growth (Barnes 1972). The age of the 
third deformation in the WMB is not known. The cleavage and folds show respectively 
the same orientation and vergence of the S4 cleavage and associated folds present along 
the western margin of the Tumut Block within the Gilmore Fault Zone (see chapter 4). 
Here the cleavage is correlated with a fracture cleavage which is axial plane to minor folds 
in Early Devonian strata and probably formed in the mid-Devonian.
The timing and characteristics of the first and second deformations in the WMB, 
correlated with respectively the Benambran and Bowning Orogenies, parallels that of the 
two major phases of folding in the Tumut Block. The correlation of upright meridional 
folding in the Tumut Block with the second deformation in the metamorphic belt was 
recognised by previous workers (e.g. Waltho 1982). Apart from the higher metamorphic 
grades reached and the greater abundance of late syn-tectonic granitoid intrusions in the 
WMB there is little difference in the deformational history of both areas. The Tumut 
Block in fact preserves a more complex Benambran fold history (recumbent folding 
followed by local coaxial upright folding) than has been described for the WWIB. This 
may be either or both an artifact of the lack of detailed structural studies of the WMB or
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the result of the higher metamorphic grades reached and subsequent obliteration of older 
fabrics during the Bowning Orogeny in the WMB.
5.4.2 Nature of the Benambran Orogeny
The outlined deformational history of the Tumut Block provides new information 
on the nature of the Benambran Orogeny which places constraints on existing models for 
the deformation throughout the LFB. These models can be classified into two types: 
those involving collision and terrane accretion ; and those involving a transpressional 
regime in an intraplate setting.
Collisional models, such as that proposed by Degeling et al (1986), interpret the 
fold episode as a result of collision and underthrusting of the Molong Volcanic Arc with 
marginal basin complexes to the west (Wagga - Omeo Metamorphic Belt). In this model 
the Gilmore Fault Zone represents a terrane boundary. Alternatively, Crawford et al 
(1984) suggested that the Benambran Orogeny was a result of collision and subsequent 
subduction-initiated underthrusting of an attenuated sialic continental crust beneath an 
allochthon comprising Ordovician strata and Cambrian greenstone sequences. They 
likened this tectonic history to the Late Precambrian to Late Devonian history of the 
Appalachian Fold Belt.
The terrane accretion model of Degeling et al (1986) is inconsistent with the 
continuity of stratigraphic units across the Gilmore Fault (see chapter 4). In addition, S- 
type granitoids in the region were not derived by anatexis of the Ordovician flysch, as 
interpreted in such a collisional model, but originated in pre-Ordovician (?Cambrian) 
metasediments chemically different from the Ordovician flysch (Chappell 1984). Both of 
these points are consistent with the collisional model of Crawford et al (1984). 
However, in all collisional models the latitudinal orientation of FI and F2 folds, lack of a 
major thrust pile, and low P - high T instead of high P - low T metamorphism are 
difficult to explain.
Despite the widespread extent of recumbent folds and the presence of thrust faults 
the area is significantly different from typical fold and thrust belts (e.g. the Appalachians, 
Alps, Rocky Mountains). Such belts are characterised by high P - low T metamorphism, 
major repetitions of stratigraphic units within imbricate thrust stacks and a common 
direction of thrust movement and cylindrical overfolding of beds away from the internal to 
external parts of an orogen (e.g. Evans 1989, Gillet et al 1986, Belostotsky 1986, Wang 
& Chu 1988, Xiaohan & Jie 1989, Raeside & Simony 1983, Gottschalk & Oldow 1988). 
In the Tumut Block the facing of FI folds varies both E-W and N-S, remaining
5 : Tumut Block 1 20
consistent only within a discrete block bounded by thrust faults. Such reversals of 
tectonic movement may be accommodated by tear faults or complex structures, such as 
the combination of nappes and back thrusts at Slaughterhouse Creek and may form in 
accretionary prisms during collision (e.g. Knipe & Needham 1986). Silver and Reed 
(1988) note that arcward backthrusting is a common feature at the rear of accretionary 
wedges. However, they are also typical of strike-slip tectonic settings. In the Umbrian- 
Mache Fold Belt (Italy) Lavecchia et al (1988) describe high-angle strike-slip shear zones 
which merge regionally with coeval low-angle thrusts and are associated with buckle 
folds very similar to the Slaughterhouse Creek structure. Importantly, in this area as in 
the Tumut Block, these folds are consistently oblique to the strike-slip fault trends.
Cambrian-Ordovician ophiolitic rocks (Jindalee Group) form basement to the 
Ordovician and younger strata in the Tumut region and appear to have been largely 
detached from Benambran folding apart from injection of serpentinite (Gundagai 
Serpentinite) into thrust faults. If these rocks were emplaced during this event as 
suggested for similar rocks in Victoria (Crawford et al 1984) then areas would be 
expected where the ophiolitic rocks structurally overlie younger units. Since, this is not 
apparent, the style of folding is 'thin-skinned'. The ophiolitic rocks were probably 
accreted during the Cambrian or Early Ordovician (Basden 1986) possibly as obducted 
allochthonous sheets as interpreted for Cambrian mafic and ultramafic complexes in 
Tasmania during the middle Cambrian (Berry & Crawford 1988).
Powell (1983a), Fergusson (1985) and Fergusson et al (1986) relate the 
Benambran event to dextral transpression accompanying locking up of plates in a Chilean- 
style subduction. Such a setting can explain the characteristics and latitudinal orientation 
of FI and F2 folds, and later N-S extensional structures in the Tumut region (see chapter 
2). High geothermal gradients, such as those responsible for high T - low P 
metamorphism in the WMB, can be produced by regionally extensive granitoid intrusions 
(Binns et al 1976, Hanson & Barton 1989). Early to Late Silurian S-type granitoids 
which occupy about 50% of the WMB, together with regionally voluminous coeval felsic 
volcanics, were produced by partial melting of the lower to middle continental crust 
(Chappell et al 1987) during deformation probably as a result of broad upwellings of hot 
mantle (Packham 1987, Wyborn et al 1987). Such mantle upwellings may have been 
associated with either rising mantle plumes (Campbell & Hill 1988) or an eastward 
migrating foundering of a delaminated subcontinental lithosphere (Wyborn 1988). 
Subsequent extension in the Tumut region was probably externally driven by associated 
mantle convection and a change to transtensional plate forces. Local crustal thickening 
during deformation may provide potential for internally driven extension (e.g. Norton 
1986, Eisbacher et al 1989, Platt & Vissers 1989). However, such a process is unlikely
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to have been operative in the Tumut region as the Benambran Orogeny is 'thin skinned' in 
nature and mande upwellings would be initiated during, rather than prior to, subsequent 
extension (McKenzie 1978, Keen 1985). The combination of mantle upwellings and 
crustal extension and can give rise to magmas with oceanic affinities (McKenzie & 
O'Nions 1983, Leeman & Fitton 1989) and can thus explain the oceanic geochemical 
character (Ashley et al 1979) of the Early Silurian Honeysuckle Beds.
5.4.3 Development of an Early Silurian Tumut Basin
The concept of an Early Silurian sedimentary basin in the Tumut region formed in 
an extensional environment following the Benambran Orogeny is not new. However, 
with the exclusion of most of the flysch and volcanic units (i.e. the lower unit) from the 
basinal sequence, the concept of an Early Silurian Tumut Trough is no longer applicable. 
Instead the term Tumut Basin is suggested for an interpreted Early/Late Silurian 
palaeogeographic feature which includes only the Wyangle and Blowering Formations 
and the Honeysuckle Beds. These units comprise up to 2500 m of dacitic volcanics, 
metabasalt, quartz-poor and quartz-intermediate flysch. Thus lithologically the basin is 
very similar to other Early Silurian basins (e.g. Captains Flat Basin; Bain et al 1987) in 
the LFB which typically include felsic and mafic volcanics interbedded with proximal 
flysch. These basins were separated by areas of extensive subaerial silicic volcaniclastics 
which accumulated together with shallow-marine and fluviatile sediments (Wybom et al 
1982, Degeling et al 1986, Bain et al 1987).
The relatively shallow-marine depositional environment of the Tumut Basin 
contrasts with the deep-marine environment envisaged for the, at least in part, oceanic- 
crust floored Tumut Trough (e.g.Powell 1983a, Ashley et al 1979). The environment 
was little different to the adjacent Yass-Canberra Rise (Goobarragandra Block) during the 
Wenlockian to late Ludlovian when up to 2800 m (Cramsie et al 1978) of extensive 
subaerial felsic volcanics accumulated together with shales, sandstone and limestone in 
local shallow-marine basins (Owen & Wybom 1979a). The Wyangle and Blowering 
Formations contain proximal flysch sequences which form mass flow deposits 
characterised by rapid lateral thickness and facies variations (Kennard 1974, Lightner 
1977). Lightner (1977) interpreted the Blowering Formation to be deposited under both 
subaerial and submarine conditions with the bulk of the formation deposited in a 
submarine environment beneath wave base while some formed within a shelf 
environment. Common pillow structures in metabasalt of the Honeysuckle Beds also 
indicates a subaqueous environment. The presence of vesicles, up to 8 mm across, in the 
metabasalt (Basden 1986) suggests a maximum water depth of 1000 m (Moore 1965).
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South- to southeast-trending extensional structures in the Jindalee Block parallel 
the bounding Mooney Mooney Fault Zone and indicate an overall strike-slip tectonic 
setting for the Tumut Basin (see chapter 2). The basin probably formed as a pull-apart 
basin within an extensional duplex formed by a jog in the Mooney Mooney Fault Zone 
during dextral displacement (Fig. 5.17). The Killimicat Fault partioned this extension 
from the adjoining Tumut Block and linked in with a detachment fault which separates 
extended Ordovician strata from Cambrian-Ordovician Basement in the Jindalee Block. 
The basin was probably linked, en echelon, with another basin of similar dimensions (the 
Yarrangobilly Basin ) farther to the south where about 1000 m (Labutis 1969) of shallow 
marine limestone and quartz-poor flysch were deposited in addition to felsic volcanics 
(Fig. 5.18).
Extended Ordovician -  Early Silurian 
metasediments and volcanics
MOONEY MOONEY 
FAULT ZONE
KILLIMICAT FAULT
Cambrian -  Ordovician metamorphics
\
Detachment fault exposed in 
"metamorphic core complexes"
Intrusion of gabbro dyke complexes
?Tectonic emplacement of Coolac Serpentinite in transtensional zone
Ordovician -  Early Silurian 
metasediments and volcanics
Fig. 5.17 Schematic block diagram showing Early Silurian pull-apart model for 
formation of the Tumut Basin.
Fig. 5.18 —> Distribution of post-Benambran Silurian facies in the Tumut region, 
showing en echelon arrangement of interpreted Silurian basins and inferred direction of 
Early Silurian strike-slip fault movement. Note: Mid Devonian sinistral strike-slip 
movement o f several kms occurred on the NW-trending faults (see chapter 3) displacing 
the Yarrangobilly Basin farther south, relative to the Tumut Basin, from its original 
position.
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In the Tumut region the spatial coincidence of the thickest sequence with 
demonstrable extensional structures in the Jindalee Block (see chapter 2) indicates that 
deposition was largely contained within that block. Only up to 1000 m of felsic and 
minor mafic volcanics and sediments are present in the Tumut Block. The absence of the 
basal proximal flysch unit (Wyangle Formation) in the latter block suggests that the 
thinner sequence is not just a factor of preservation and that Early Silurian deposition, 
initially contained within the Jindalee Block, later overlapped onto the Tumut Block. The 
Blowering Formation forms a semi-continuous sheet of felsic volcanics and flysch across 
the Tumut Basin and with the Douro Group deposited on the Yass-Canberra Rise to the 
east (Fig. 5.18). No known Silurian strata occur within the WMB indicating it was either 
emergent at this time (Suppel et al 1986) or subsequently removed by erosion.
The Tumut Basin, marked by the present distribution of quartz-poor flysch and 
metabasalt, outlines an elongate basin about 80 km long flanking the Mooney Mooney 
Fault Zone (Fig. 5.18). The basin formed a rhomb-shaped morpho-tectonic depression 
similar to pull-apart basins associated with the Dead Sea transform (e.g. Reches 1987, 
Garfunkel 1981). The dimensions of the basin are in keeping with the relationship 
between sediment thickness (y) and length of basin parallel to the master fault overlap (x) 
defined by Hempton & Dunne (1984) for pull-apart basins in eastern Turkey, whereby 
y = 0.08x + 0.26 km. In the Tumut Basin a master fault overlap of about 40 km would 
indicate a sediment thickness of about 3.5 km, a little more than the preserved 2.5 km.
5.5 CONCLUSIONS
The Tumut Block contains two major tectonostratigraphic units: Ordovician to 
Early Silurian quartz-rich to quartz-intermediate flysch and volcanics; and overlying dated 
Early/Late Silurian volcanics and flysch. Felsic volcanics in the lower unit yield a U-Pb 
age of about 425 Ma. Previously both units were regarded as forming part of an Early 
Silurian palaeogeographic feature: the Tumut Trough. However, the two 
tectonostratigraphic units are separated by a major structural discontinuity, interpreted as 
an unconformity, and are distinguished by distinct differences in arenite composition and 
differences in clinopyroxene-phenocryst compositions from mafic volcanics which reflect 
differing tectonic environments of formation. Mafic volcanics in the lower unit are 
interpreted as subduction related whereas those in the upper unit have both intraplate and 
subduction related characteristics.
Both tectonostratigraphic units were meridionally folded during the Late Silurian 
Bowning Orogeny. An earlier deformation, characterised by thrust faulting, E-W 
recumbent folding and later local coaxial upright folding, is present only in the lower unit.
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This earlier deformation is comparable to the Benambran Orogeny described in 
Ordovician metamorphics of the adjacent WMB and is tightly constrained in the Tumut 
Block to about 425 Ma. Fold characteristics of this deformation are indicative of thin- 
skinned intraplate transpressional deformation rather than classical collisional tectonics as 
envisaged by some workers for the Benambran Orogeny here and elsewhere in the 
Lachlan Fold Belt.
The composition and deformational history of the lower unit indicates it is part of 
the Ordovician to Early Silurian Molong Volcanic Arc. Consequently the concept of an 
Early Silurian Tumut Trough incorporating these deposits is no longer applicable. 
Instead Early/Late Silurian rocks, comprising felsic and mafic volcanics and lesser quartz- 
poor to quartz-intermediate flysch, form a pull-apart basinal sequence (the Tumut Basin ), 
up to 2500 m thick, covering an area much smaller than the former trough. Thus the 
Silurian history of the Tumut region, previously considered unique in the LFB, is little 
different from other basins of a similar age throughout the LFB.
CHAPTER 6
S Y N T H E S I S
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SYNTHESIS
This study was focussed on structural, stratigraphic and metamorphic aspects of 
Tumut region geology in an attempt to address "the lack of detailed published stratigraphic 
and structural information" (Packham 1987) on a key area in the Lachlan Fold Belt. 
Specific aims of the study were dealt with in the preceding four chapters, this chapter 
summarises and incorporates their conclusions into a new geological history for the 
Tumut region which is summarised in Fig. 6.1.
6.1 PALAEOZOIC GEOLOGICAL HISTORY OF THE TUMUT REGION
6.1.1 Cambrian to Ordovician basement
Although actinolite schist and ultramafics of assumed Cambrian to Ordovician age 
are the oldest rocks in the region, little can be ascertained about their origin as they occur 
as either faulted inliers or thrust slices. The rocks, forming structural basement to 
Ordovician to Early Silurian and younger strata possibly represent an Early Palaeozoic 
ophiolitic suite accreted to a late Proterozoic crust in the Early Ordovician (Basden 1986).
6.1.2 Ordovician to Early Silurian deposition
The Late Ordovician of southeastern Australia is characterised by extensive quartz- 
rich flysch deposits interfingering with volcanic piles and associated volcaniclastic aprons 
(e.g. Cas 1983, Degeling et al 1986). These volcanics are thought to be part of a palaeo- 
volcanic arc: the Molong Volcanic Belt formed on thin Late Proterozoic basement at the 
Gondwanaland margin above a westward-dipping subduction zone (e.g. Degeling et al 
1986, Packham 1987) or a migrating delaminated crust (Wybom 1988).
In the Tumut region deep-water (below wave-base) proximal and distal quartz-rich 
and quartz-intermediate turbidites form part of this sequence, interfingering with mafic 
and felsic volcanics and associated volcaniclastic deposits. These deposits include the 
Nacka Nacka and Snowball Metabasic Igneous Complexes, the Kiandra Group, Brungle 
Creek Metabasalt, Wermatong Metabasalt, Gooandra Volcanics, Jackalass Slate, 
Bumbolee Creek Formation, Tumut Ponds Beds, and the Frampton Volcanics. The 
Ordovician and Early Silurian stratigraphy of the region, discussed in chapter 5, has been 
revised substantially. Previously most of the above units were regarded as part of the 
Early Silurian Tumut Trough sequence. However, they are separated by a major 
structural discontinuity, interpreted as an unconformity, from overlying dated Early/Late 
Silurian volcanics and fossiliferous (late Llandoverian to early Wenlockian) quartz-poor
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flysch. These two tectonostratigraphic units are distinguished by distinct differences in 
arenite composition and differences in clinopyroxene-phenocryst compositions from 
mafic volcanics which reflect differing tectonic environments of formation. Mafic 
volcanics in the lower unit are interpreted as subduction related whereas those in the 
upper unit (i.e. Early/Late srata) have both intraplate and subduction related 
characteristics. A rhyolite flow within the Frampton Volcanics yields a U-Pb age of 
about 425 Ma placing an Early Silurian upper limit to the volcanic arc-related environment 
which characterised the Late Ordovician.
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Fig. 6.1. Summary of Palaeozoic geological history of the Tumut region
6.1.3 Early Silurian deformation
Deposition of deep-water turbidites and mafic to felsic volcanics was terminated 
abruptly in the Early Silurian by a deformation, characterised by lower to sub-greenschist
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facies metamorphism, thrust faulting, E-W recumbent folding and later local coaxial 
upright folding. The deformation is comparable to the Benambran Orogeny described in 
Ordovician metamorphics of the adjacent WMB and is tightly constrained in the Tumut 
region to about 425 Ma. Fold characteristics of this deformation are indicative of thin- 
skinned intraplate dextral transpressional deformation rather than classical collisional 
tectonics as envisaged by some workers for the Benambran Orogeny here and elsewhere 
in the Lachlan Fold Belt.
The structural and metamorphic history of the Cambrian to Ordovician basement in 
the Jindalee Block, outlined in chapter 2, involved at least two distinct deformations at 
greenschist facies in addition to Late-Silurian sub-greenschist facies metamorphism and 
upright folding. The earliest deformation, of unknown age, predates diorite intrusion and 
the formation of high-strain zones and associated recumbent folding during the Early 
Silurian. As continuous prograde greenschist facies metamorphism is indicated for the 
two earlier deformations it is probable that both occurred during the Benambran Orogeny. 
High-T low-P conditions indicated for the metamorphism are comparable to those in the 
WMB. Apart from remobilisation of serpentinite locally into the thrusts, Cambrian- 
Ordovician basement rocks in the Tumut Block were largely detached from this 
deformation.
6.1.4 Early Silurian extension and formation of the Tumut Basin
Crustal extension on the western margin of the Molong Volcanic Arc, mostly 
confined to the Jindalee Block in the Tumut region, immediately followed the Benambran 
Orogeny and resulted in the formation of the Tumut Basin. Evidence for this extension, 
detailed in chapter 2, is preserved in inliers of Cambrian-Ordovician basement rocks and 
in the nature of the structural and metamorphic discontinuity separating basement and 
cover units. This discontinuity is a previously unrecognised, major, originally 
subhorizontal, fault zone characterised by massive breccias and cataclasites, and extensive 
chlorite and carbonate alteration. The zone is interpreted as the major detachment 
associated with attenuation of Ordovician-Early Silurian strata and associated basement 
uplift in a manner similar to that described for metamorphic core complexes. High-strain 
zones, subconcordant to this detachment are present in the basement and are characterised 
by a ubiquitous mineral-elongation lineation. These zones record a discontinous history 
of ductile followed by brittle behaviour, consistent with an extensional origin. They 
probably represent reactivated thrust faults formed during the preceding deformation.
The indicated south-southeast to southerly extension direction, subparallels the 
Mooney Mooney Fault Zone consistent with the basin forming a narrow pull-apart basin,
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formed by dextral transtension between a jog in the Mooney Mooney Fault Zone and the 
Killimicat Fault. The detachment fault probably linked into both strike-slip faults at 
depth, dipping southwards beneath the Goobarragandra Block . Unlike typical extension 
terranes, such as those associated with the Cordilleran metamorphic core complexes and 
back-arc terranes, the Tumut Basin grew in length rather than width.
Major movement on the detachment took place prior to deposition of late 
Llandoverian to early Wenlockian (Early Silurian) quartz-poor to quartz-intermediate 
flysch (Wyangle Formation) which unconformably overlies both the basement and 
Ordovician to Early Silurian strata. These sediments, deposited in shallow-marine 
conditions, exhibit rapid facies changes, filled interpreted steep-sided fault-bounded 
troughs and onlapped the underlying basement and attenuated cover. Basal flysch 
deposits were sourced from both older mafic volcanics and penecontemporaneous felsic 
volcanics. Later felsic and mafic volcanics were extruded filling the narrow basin formed 
within the Jindalee Block and covering parts of the adjacent Tumut Block. About 2500 
m of strata are preserved in the basin, which extended for at least 80 km along the western 
margin of the Mooney Mooney Fault Zone, and was linked en echelon to a similar basin 
(the Yarrangohilly Basin ) to the south.
6,1 A  A Emplacement of the Coolac Serpentinite
Intrusive relationships and the structural history of the Coolac Serpentinite 
(detailed in Chapter 3) indicate that it was emplaced into the Mooney Mooney Fault Zone 
during this Early Silurian extension event and not during the Late Silurian Bowning 
Orogeny as previously interpreted. The concept of a Silurian ophiolitic suite (Ashley et al 
1979) incorporating the serpentinite, gabbroic rocks, basalt and minor sediments is 
rejected. The Honeysuckle Beds, which are supposed to represent the basaltic and 
sedimentary component of the ophiolitic suite, are the youngest Silurian strata in the 
Tumut Basin. They conformably overlie and intertongue with the Blowering Formation. 
Although the Coolac Serpentinite may have originated as part of an ophiolitic suite it is 
more appropriately interpreted as an Alpine-type body occupying a crustal suture. The 
serpentinite possibly represents either an Early Silurian ultramafic intrusion or most likely 
a tectonic slice derived from the underlying Cambrian-Ordovician Jindalee Group.
6.1.4.2 Gabbro and granitoid intrusion
Mantle upwellings responsible for the Early Silurian deformation and subsequent 
extension resulted in the generation of felsic S-type and tholeiitic magmas. Extrusion of 
these melts into the Tumut Basin and adjoining blocks was followed by widespread
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intrusion of granitoid plutons and gabbroic dyke complexes. The Mooney Mooney Fault 
Zone was the locus of the tholeiitic flows and gabbro intrusions, distinguished from their 
regional counterparts by lack of iron enrichment and other geochemical characteristics 
typical of ocean-floor basalts (Basden 1986). This difference, used to support the 
inclusion of these rocks in a Silurian ophiolitic suite (Ashley et al 1979), can be explained 
by their location on a major active strike-slip crustal fracture zone. Crustal thinning, 
associated with extension localised on the fault zone, was sufficient to allow the passage 
of uncontaminated mantle derived melts in a situation analagous to the Dead Sea leaky 
transform.
6.1.5 Late Silurian deformation
During the Late Silurian, in response to lateral compression, the WMB and the 
Goobarragandra Block were thrust towards one another over the Tumut Synclinorial Zone 
resulting in meridional folding of older strata. Thermal gradients were still high following 
intrusion of the Gocup Granite and other granitoids, and in the Tumut region, regional 
greenschist facies metamorphism accompanied the deformation.
The Mooney Mooney and Gilmore Fault Zones, trending northwesterly, oblique 
to the principal-compression direction, were active imbricate sinistral strike-slip systems 
during the deformation. Mylonitic rocks with common S-C fabrics and minor structures 
typical of Riedel shear geometry formed in the fault zones. Although older structures are 
not preserved, the faults were probably active strike-slip zones during the Early Silurian 
Benambran Orogeny and subsequent extension event Detailed structural analysis of both 
fault zones was presented in chapters 3 and 4.
The fault zones, share a common, complex, history of deformation since the Late 
Silurian, are interpreted to be linked to a mid-crustal detachment together with the other 
major faults in the region such as the Long Plain Fault. Dominantly reverse movements 
occurred on the Jugiong Shear Zone and the Indi Fault both of which were orientated 
orthogonally to the principal-compression direction. The latter fault is continuous with 
the Gilmore Fault Zone.
6.1.6 Devonian felsic magmatism and strike-slip faulting
Extensive Flat-lying ignimbrite sheets and associated fossiliferous Early Devonian 
subaerial to shallow-water volcaniclastic sediments were deposited in the now cratonised 
Tumut Synclinorial Zone. The volcanics, forming shield volcanic complexes in places 
(Owen et al 1982), were intruded by comagmatic I-type granitoid plutons of the Boggy
6 : Synthesis 131
Plain Supersuite (Wybom et al 1987). These felsic magmas, like the Middle Ordovician 
shoshonitic volcanics which characterised the Molong Volcanic Belt (Wybom et al 
1987), were derived from the same gabbroic source, underplated at the base of the crust.
During the mid-Devonian, renewed lateral compression resulted in reactivation of 
the Killimicat Fault and the Gilmore and Mooney Mooney Fault Zones. In the latter two 
zones sinistral strike-slip faulting was associated with development of chloritic cataclasite 
locally in granitic mylonite and extensive schistose serpentinite margins to contained 
ultramafics (the Coolac and Tumut Ponds Serpentinites) characterised by S-C fabrics. 
Within the fault zones Early Devonian strata were openly folded with an axial fracture 
cleavage coommonly developed. A total of 28 km horizontal displacement is interpreted 
for the Mooney Mooney Fault Zone during the mid Devonian movement. The amount of 
displacement on the Gilmore Fault Zone, Killimicat Fault and for earlier movements on 
the Mooney Mooney Fault Zone is unknown. During the waning stages of sinistral 
strike-slip movement conjugate NE-trending dextral strike-slip faults formed in localised 
transpressional zones within the Mooney Mooney Fault Zone.
6.2 CONCLUDING REMARKS
Previous tectonic models for the region were based on the presence of an 
interpreted Early Silurian ophiolitic suite and correlation of quartz-rich flysch with dated 
Early/Late Silurian volcanics. With the invalidation of both these interpretations the 
concept of the Tumut Trough is no longer applicable. The stratigraphy and structural 
history of the Tumut region is instead, little different than other areas of the Lachlan Fold 
Belt. However, the presence of Cambrian to Ordiovician basement and the oceanic 
affinity of mafic volcanics and tholeiitic intrusions suggests a tectonic environment not 
replicated elsewhere in the fold belt. The intracratonic pull-apart basin model for Early 
Silurian extension in the region is compatible with these features. Similar transtensional 
tectonic settings may apply to other Early Silurian basins in the LFB where extension was 
insufficient to enable crustal thining and extrusion and/or intrusion of uncontaminated 
mantle melts.
Late Ordovician or Late Silurian accretionary models, including the fore-arc 
collision model of Crook (1980a), also cannot be sustained. Common structural and 
metamorphic histories, and lithological correlation of Ordovician to Early Silurian rocks 
straddling the Gilmore Fault Zone indicate that this fault zone does not represent a Late 
Ordovician or younger terrane boundary as suggested by some previous workers (e.g. 
Degeling et al 1986). Differences in geophysical expression and crustal composition
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across the zone can be explained by the zone being a reactivated Late-Proterozoic terrane 
boundary as proposed by Chappell et al (1988).
Many of the outstanding stratigraphic and structural problems of the region have 
been resolved by this study. The dating of the Frampton Volcanics (~425 Ma.) places an 
Early Silurian upper age for the Molong Volcanic Arc and tightly constrains the age of the 
Benambran Orogeny. However, the correlation and relationships of Ordovician to Early 
Silurian strata, covering a time span of ~40 Ma., still remains poorly controlled. The ages 
of the Cambrian to Ordovician basement, Coolac Serpentinite, gabbro dykes and granitoid 
intrusions are also poorly constrained. Further isotopic age dating of these rocks will be 
essential if hypotheses presented in this thesis are to be tested and further progress is to be 
made in understanding the tectonic development of the Tumut region.
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APPENDIX 1
D ETA ILS OF SAM PLES CO LLEC TED  FOR ISO T O PIC  AND 
PALAENTOLOGICAL DATING
Sample N ° Sheet 
area
Grid Formation 
reference
Rock
type
Dating
method
86843041 TUMUT 139144 Brungle Creek Metabasalt tuff 1
86843118 124174 Blacks Flat Diorite diorite 1
87843006 118082 ?Wyangle Formation vitric tuff 1
88843136 053093 Frampton Volcanics rhyolite 1
88843535 042110 Gooandra Volcanics diorite pebble 1
88843748 050157 Bumbolee Creek Formation chert 2
89843200 COOTAMUNDRA 085361 Coolac Serpentinite gabbro 1
89843201 082359 t t 1
89843202 TUMUT 062921 Gocup Granite granite 1
89843203 028966 ” t t 1
89843204 163749 Blowering Formation dacite 1
89843206 098127 Gatelee Ignimbrite ignimbrite 1
1 = ILP"b zircon ; 2 = pakentologTcaT.
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A PPEN D IX  2
BULLAWYARRA SCHIST: MICROPROBE ANALYSES
Sample details:
Analysis
N °
BMR
Sample N °
Grid Ref. Sheet
area
Mineral
1 86843193 C2 115204 TUMUT Sib hornblende
2 86843193 A2 f t t f Sib actinolite
3 86843253 B2 117217 f t S2b actinolite
4 86843193 B1 115204 f t Sib hornblende
5 86843193 D1 f t f t Sib actinolite
6 86843253 B3 117217 t f S2b actinolite
7 86843253 D1 f t t f S2b actinolite
8 86843189 D1 114195 t f Sib hornblende
9 86843192 D3 120202 f f Sib actinolite
10 86843253 A4 117217 t f feldspar
11 86843367 A5 198078 t f feldspar
12 86843193 A3 115204 t f feldspar
13 86843192 B1 120202 f t feldspar
(a) Amphiboles
Sample * 1 2 3 4 5 6 7 8 9
Si02 45 .9 5 51 .48 52 .73 4 5 .2 9 52.91 5 2 .7 4 51 .3 7 46 .4 6 53 .7 5
Ti02 0.31 0.05 0.20 0 .32 0.02 0 .09 0 .39 0.34 0 .00
m 2o 3 11.20 3.28 2.27 11.87 2.24 2.68 3.77 9.92 2 .10
Cr-^Oi 0 .00 0 .27 0 .0 0 0 .00 0.31 0 .00 0 .00 0.16 0 .0 0
FeO 15.28 13.45 15.83 15.34 13.48 14.88 15.81 13.16 10.74
MnO 0 .2 9 0.23 0.32 0 .28 0.29 0 .36 0.38 0.22 0 .18
MgO 10.17 13.69 13.12 9.62 14.33 13.45 12.53 12.32 16.13
CaO 11.17 12.30 12.22 11.40 12.11 12.02 11.74 11.61 12.57
Na20 1.31 0.30 0 .16 1.33 0.19 0.25 0 .39 1.20 0 .23
K20 0 .3 0 0.11 0.08 0.29 0.08 0 .06 0 .14 0.19 0 .04
Total 95 .9 8 95 .17 9 6 .9 2 9 5 .7 3 9 5 .9 6 9 6 .5 4 9 6 .5 3 95 .58 9 5 .7 4
Canons per 23 oxygens
Si 6.873 7.661 7 .7 6 8 6 .8 0 2 7 .788 7 .7 6 0 7 .6 1 0 6 .919 7 .8 2 0
Allv 1.127 0 .339 0 .2 3 2 1.198 0 .2 1 2 0 .2 4 0 0 .3 9 0 1.081 0 .1 8 0
E  tetrahedra 8.000 8.000 8 .0 0 0 8 .0 0 0 8 .000 8 .0 0 0 8 .0 0 0 8 .000 8 .0 0 0
AT'1 0 .8 4 7 0 .2 3 6 0.161 0 .9 0 4 0 .1 7 6 0 .2 2 5 0 .2 6 9 0 .6 6 0 0 .1 7 9
Ti 0 .0 3 5 0 .0 0 6 0 .0 2 2 0 .0 3 6 0 .003 0 .0 1 0 0 .0 4 3 0 .038 0.000
Cr 0.000 0 .032 0.000 0.000 0 .0 3 6 0.000 0.000 0 .019 0 .0 0 0
Mg 2 .267 3.038 2 .882 2 .154 3.144 2 .9 5 0 2 .7 6 7 2 .734 3 .498
Fe 1.851 1.673 1.935 1.906 1.641 1.815 1.921 1.549 1.307
Mn 0 .015 0 .0 1 6
EMI .  M2, M3 sites 5 .000 5.000 5 .0 0 0 5 .0 0 0 5 .0 0 0 5 .0 0 0 5 .0 0 0 5 .000 5 .0 0 0
Fe 0 .060 0 .0 1 5 0.021 0 .018 0 .0 1 6 0 .0 3 8 0.091
Mn 0.037 0.014 0 .0 4 0 0 .0 3 5 0 .0 3 6 0 .0 4 4 0 .0 4 8 0 .028 0 .0 0 5
Ca 1.789 1.961 1.929 1.834 1.909 1.895 1.863 1.853 1 .959
.Va 0 .1 1 4 0.025 0 .0 1 6 0 .1 1 0 0 .037 0 .0 4 5 0 .051 0 .028 0 .0 3 6
EM4 site 2 .0 0 0 2 .000 2 .0 0 0 2 .0 0 0 2 .000 2 .0 0 0 2 .0 0 0 2 .000 2 .0 0 0
Na 0 .2 6 5 0 .062 0 .0 2 9 0 .277 0 .018 0 .0 2 6 0 .061 0 .319 0 .0 2 9
K 0 .0 5 8 0 .022 0 .0 1 5 0 .0 5 6 0 .0 1 4 0 .011 0 .0 2 7 0 .035 0 .0 0 7
E  A site 0 .323 0.084 0 .0 4 4 0 .3 3 3 0 .0 3 2 0 .0 3 7 0 .0 8 8 0 .3 5 4 0 .0 3 6
Total 15.323 15.084 15.044 15.333 15.032 15.037 15.088 15.354 15.036
wt %
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(b) Feldspars
Sample * 10 11 12 13
S i0 2 68.22 68.02 67.04 66.08
T i02 <0.04 <0.04 <0.02 <0.04
Al20 3 19.69 20.41 21.18 20.11
Cr20 3 <0.08 <0.08 <0.03 <0.08
FeO <0.09 <0.08 0.05 <0.11
MnO <0.07 <0.07 <0.03 <0.06
NiO <0.06 <0.06 <0.02 <0.06
MgO <0.04 <0.04 <0.02 <0.04
CaO 0.20 <0.20 1.12 0.40
Na20 10.75 11.51 10.92 11.01
K20 0.11 0.09 0.07 0.06
Total 98.97 100.23 100.38 97.65
* = w t%
Canons per 32 oxygens
Si 11.988 11.858 11.697 11.823
Al 4.081 4.194 4.355 4.241
Fe2+ 0.008
Ca 0.038 0.038 0.210 0.076
Na 3.665 3.891 3.694 3.821
K 0.025 0.021 0.015 0.013
Total 19.807 20.001 19.980 19.974
XCa 0.01 0.01 0.05 0.02
XN a 0.98 0.99 0.94 0.98
X K 0.01 0.01 0.00 0.00
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APPENDIX 3
TUMUT SEISMIC REFLECTION PROFILE
(a) Location of traverse (from Leven et al 1988a), (b) unmigrated line diagram, (c) 
migrated line diagram, (d) migrated line diagram showing interpreted structures.
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APPENDIX 4
SEISMIC REFRACTION PROFILES (from Finlayson et al 1979).
146°00’ 148° 00' 150°00’ I52°00'
— 33°00’
35°00'
37° 00'
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S -  Type
I -  Type
Post Kanimblan
Seismic recording lines
(a) Location of seismic traverses in southeastern Australia
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5 7 9
(d)°  - V J 
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(b) Dartmouth to Merimbula seismic record section : 
Velocity-depth model.
VELO C ITY (km/s)
5 7 9
(c) Dartmouth to Marulan seismic record section : 
Velocity-depth model.
VELO C ITY (km/s)
N BIO 47A
(d) Marulan to Dartmouth seismic record section : 
Velocity-depth model.
VELOCITY (km/s) (e) Dartmouth to Dubbo seismic record section : 
Velocity-depth model.
VELOCITY (km/s) (f) Dartmouth to Condobolin seismic record section : 
Velocity-depth model.
60 J
N BIO 43A
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APPENDIX 5
CLINOPYROXENE MICROPROBE ANALYSES 
Sample details:
N ° BMR N ° Sheet area Grid ref. Formation Sample type
1 87843414 TUMUT 995027 Gooandra Volcanics rim of phenocryst
2 t t i t i t i t i t core" i t
3 i i i t i t i t i t core " i t
4 i t f t t t t t t t core " i t
5 i i i t t t t t t t core " t t
6 87843005 i t 132103 Brungle Ck. Metabasalt core
7 i i i t i t i t  i t i i rim " i t
8 i i i t t t t i  t t i t core
9 i t i t i t t t  t t t i rim " t i
10 87843011A t t 171135 Honeysuckle Beds core
11 i t i t i t i t i t rim " i i
12 i t f t t t i t t t rim
13 i t t t t t t t i t core " i t
14 i t t t t t i t i t core
15 t t t t t t t t i t rim " t t
16 • t t t t t i t t t rim
17 i t i t t t t t t t core " i t
18 86843510 t t 191099 Wyangle Formation rim of phenocryst
19 i i i t i t i t i t core in mafic clast
20 t t t i t t i t t t core
21 t t t t t t t t i t rim i t
22 t t f t i t i t t t core
23 i t t t t t i t t t rim i t
24 i t i t t t t t i t core
25 t t i t t t t t t t rim i t
26 86843103 i t 153139 t t i t core
27 t t i t t t t t t t rim i t
28 i t t t t t t t i t core
29 i t i t t t t t t t rim i t
30 i t i t f t t t t t core
31 f t f t t t t t i t rim i t
32 i t i t t t f t t t detrital grain
33 i t i t i t i t i t detrital grain
34 88843363 A1 i t 134936 ?Honeysuckle Beds core of phenocryst
35 ” A2 i t i t i i i t rim " i t
36 " Cl i t i t t t i t core " i t
37 C2 i t i t i t i t rim " i t
38 " FI i t t t i t t t core " i t
39 " F2 i t i t t t i t rim " i t
40 F3 i t t t i t t t core " i t
41 ” F4 i t i f i t i t rim " i t
Method
All analyses were obtained by wavelength-dispersive X - ray analysis on a Camebax 
electron microprobe at the Research School of Earth sciences, ANU, using an accelerating 
voltage of 15kv and a beam current of 30nA and a beam diameter of 5um. Data reduction 
was performed using a Zaf correction procedure. Structural formulae were calculated on 
the basis of 6 oxygens.
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Microprobe analyses of clinopyroxene phenocrysts in Ordovician and Early Silunan mafic volcanics
Wt% Sample 1 2 3 4 5 6 7 8 9
Si0 2 53.02 53.42 50.81 53.66 53.03 50.52 50.61 51.68 50.14
T1O2 0.49 0.47 0.92 0.27 0.33 0.63 0.61 0.47 0.61
AI2O3 1.98 2.24 4.11 2.09 2.63 3.26 3.33 2.70 3.43
G 2O3 <0.04 <0.04 <0.04 0.53 0.19 <0.04 0.04 0.10 <0.04
FeO* 7.60 7.56 8.39 4.49 5.62 8.77 8.63 7.95 9.88
NiO 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
MnO 0.33 0.30 0.26 0.14 0.15 0.23 0.26 0.22 0.23
MgO 17.03 16.88 15.36 17.86 16.49 13.81 13.77 15.42 13.25
CaO 20.15 20.94 20.75 22.11 22.58 20.33 21.43 20.40 21.15
Na20 0.29 0.22 0.35 0.17 0.19 0.27 0.26 0.29 0.28
k 2o <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Total 100.92 102.03 100.97 101.31 101.20 97.82 98.95 99.24 98.97
Atom
Si 1.9375 1.9322 1.8702 1.9351 1.9259 1.9195 1.9068 1.9267 1.8991
Ti 0.0135 0.0127 0.0256 0.0073 0.0089 0.0179 0.0172 0.0132 0.0174
A1 0.0853 0.0954 0.1785 0.0887 0.1125 0.1459 0.1480 0.1188 0.1533
Cr 0.0150 0.0056 0.0013 0.0030
Fe 0.2321 0.2286 0.2584 0.1354 0.1707 0.2787 0.2718 0.2478 0.3129
Ni 0.0009
Mn 0.0102 0.0092 0.0082 0.0043 0.0045 0.0075 0.0083 0.0069 0.0073
Mg 0.9277 0.9098 0.8430 0.9598 0.8926 0.7821 0.7733 0.8571 0.7483
ca 0.7887 0.8116 0.8185 0.8542 0.8787 0.8278 0.8650 0.8151 0.8583
Na
K
0.0206 0.0156 0.0251 0.0117 0.0135 0.0202 0.0193 0.0213 0.0203
Total 4.0166 4.0151 4.0275 4.0116 4.0129 3.9997 4.0110 4.0098 4.0170
* Total Fe analysed as FeO
Wt% Sample 10 11 12 13 14 15 16 17
SiCh 53.08 53.35 53.25 53.99 53.03 52.92 53.30 52.43
T1O2 0.27 0.23 0.25 0.25 0.16 0.19 0.20 0.25
AbO} 3.58 2.97 3.06 3.06 3.00 2.75 2.53 3.70
C r2 C>3 1.41 1.12 1.00 0.64 1.02 0.88 0.31 1.31
FeO* 2.78 3.46 3.71 2.86 3.14 3.55 3.96 3.50
NiO <0.03 <0.03 0.03 0.04 <0.03 <0.03 0.03 <0.03
MnO 0.07 0.13 0.14 0.10 0.11 0.13 0.12 0.12
MgO 17.67 17.88 18.25 18.41 17.88 17.75 17.68 17.46
CaO 22.26 21.65 21.25 21.77 22.18 21.57 22.15 20.79
Na20 0.26 0.19 0.19 0.30 0.16 0.20 0.14 0.23
k 2o <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Total 101.40 100.98 101.12 101.44 100.68 99.94 100.42 99.79
Atom s
Si 1.9024 1.9206 1.9147 1.9270 1.9155 1.9259 1.9336 1.9079
Ti 0.0073 0.0062 0.0066 0.0068 0.0042 0.0052 0.0055 0.0067
A1 0.1513 0.1261 0.1296 0.1289 0.1279 0.1180 0.1080 0.1588
Cr 0.0401 0.0320 0.0284 0.0181 0.0291 0.0253 0.0088 0.0376
Fe 0.0834 0.1042 0.1115 0.0855 0.0947 0.1081 0.1202 0.1065
Ni 0.0010 0.0013 0.0010
Mn 0.0021 0.0039 0.0042 0.0031 0.0035 0.0042 0.0036 0.0036
Mg 0.9441 0.9595 0.9783 0.9792 0.9629 0.9627 0.9561 0.9471
ca 0.8547 0.8350 0.8187 0.8323 0.8583 0.8409 0.8608 0.8108
Na
K
0.0182 0.0136 0.0131 0.0209 0.0111 0.0139 0.0102 0.0161
Total 4.0036 4.0010 4.0062 4.0031 4.0073 4.0041 4.0077 3.9952
Total Fe analysed as FeO
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Microprobe analyses o f clinopyroxene detntal grains and phenocrysts in mafic clasts in Early Silunan sediments.
Wt<?c Sample 18 19 20 21 22 23 24 25
SiCb 52.32 52.67 53.85 53.37 52.86 53.10 52.68 53.60
TiCb 0.46 0.33 0.40 0.48 0.39 0.32 0.41 0.21
AI2 6 3 1 .86 1.65 1.40 1.64 2.80 2.61 3.05 2.11
G 2O3 0.05 <0.04 <0.04 <0.04 0.23 0.25 0.19 0.37
FeO* 8.57 8.23 8.06 7.96 8.26 7.38 7.27 7.22
NiO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
MnO 0.38 0.45 0.49 0.38 0.26 0.27 0 .21 0.23
MgO 15.59 14.93 15.71 16.23 17.06 17.10 16.61 17.99
CaO 20.04 19.85 21.39 19.22 18.93 18.56 18.93 17.77
Na20 0.25 0.35 0.28 0 .2 2 0.21 0 .2 2 0.21 0 .2 0
k 2o <0 .0 1 <0 .0 1 <0 .0 1 0.01 <0 .0 1 0 .01 <0 .0 1 <0 .0 1
Total 99.53 98.47 101.58 99.52 100.98 99.82 99.56 99.71
Atoms
Si 1.9483 1.9766 1.9636 1.9724 1.9274 1.9477 1.9381 1.9614
Ti 0.0129 0.0094 0.0109 0.0133 0.0107 0.0087 0.0114 0.0057
Al 0.0817 0.0730 0.0604 0.0715 0.1203 0.1129 0.1321 0.0909
Cr 0.0016 0.0065 0.0073 0.0055 0.0107
Fe 0.2670 0.2584 0.2457 0.2460 0.2520 0.2263 0.2235 0.2209
INI
Mn 0 .0 1 2 1 0.0143 0.0151 0 .0 1 2 0 0.0079 0.0083 0.0064 0.0071
Mg 0.8651 0.8349 0.8540 0.8941 0.9269 0.9347 0.9107 0.9814
a 0.7995 0.7982 0.8358 0.7610 0.7395 0.7295 0.7463 0.6968
Na 0.0178 0.0254 0.0198 0.0158 0.0147 0.0156 0.0150 0.0142
K 0.0005 0.0005
Total 4.0060 3.9902 4.0052 3.9867 4.0059 3.9915 3.9892 3.9892
* Total Fe analysed as FeO
Wt% Sample 26 27 28 29 30 31 32 33
SiC>2 51.05 52.36 52.08 52.13 52.47 52.78 52.42 51.91
T iO i 0.71 0.42 0 .6 6 0.45 0.56 0.42 0.51 0.34
A12Ö3 3.62 2.76 2.41 3.05 2.42 2.40 1.81 2.44
G 2O3 0.16 0.44 0.05 0.43 0.24 0.45 <0.04 <0.04
FeO* 8 .20 7.07 8.44 7.31 8 .88 6.98 6.89 8.27
NiO 0.04 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03
MnO 0.24 0 .21 0.29 0.23 0.33 0.24 0.23 0.52
MgO 15.33 16.36 15.64 16.19 16.13 16.56 15.41 14.04
CaO 21.26 20.81 20.80 20.95 20.23 20.51 22.63 22.40
Na?0 0.26 0.23 0.26 0.23 0.27 0 .2 0 0.31 0.39
K 2Ö <0 .0 1 <0 .0 1 <0 .0 1 0 .01 0.01 <0 .0 1 <0 .0 1 <0 .0 1
Total 100 .86 1 0 0 .6 6 100.63 101.03 101.53 100.54 100.21 100.31
Atoms
Si 1.8824 1.9185 1.9215 1.9072 1.9193 1.9326 1.9381 1.9307
Ti 0.0197 0.0116 0.0183 0.0125 0.0153 0.0116 0.0142 0.0096
Al 0.1572 0.1191 0.1049 0.1316 0.1042 0.1035 0.0789 0.1071
Cr 0.0046 0.0128 0.0014 0.0123 0.0070 0.0130
Fe 0.2530 0.2165 0.2605 0.2237 0.2717 0.2138 0.2129 0.2572
Ni 0 .0 0 1 0 0.0009
Mn 0.0074 0.0064 0.0092 0.0072 0 .0 1 0 2 0.0074 0.0072 . 0.0164
Mg 0.8423 0.8936 0.8600 0.8830 0.8794 0.9039 0.8490 0.7783
Ca 0.8401 0.8171 0.8220 0.8212 0.7928 0.8047 0.8965 0.8927
Na 0.0185 0.0163 0.0189 0.0164 0.0191 0.0140 0.0224 0.0285
K 0.0006 0.0006
Total 4.0262 4.0120 4.0166 4.0168 4.0196 4.0046 4.0194 4.0204
Total Fe analysed as FeO
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Microprobe analyses of ciinopyroxene phenocrysts in Ordovician and Eariy Silurian mafic volcanics
W rt> Sample 34 35 36 37 38 39 40 41
S102 53.96 53.35 53.50 53.16 54.57 54.07 54.24 54.22
r i c h 0.25 0.36 0.26 0.22 0.25 0.30 0.25 0.29
A1263 1.18 1.61 1.26 1.29 0.91 1.00 0.83 1.01
CnC>3 0.65 0.65 0.72 0.32 0.55 0.21 0.54 0.19
FeO* 4.26 5.05 4.44 5.90 4.10 5.00 4.32 5.32
NKD <0.04 <0.04 <0.04 <0.04 0.04 <0.04 <0.04 <0.04
MnO 0.08 0.12 0.12 0.16 0.12 0.15 0.10 0.15
MgO 17.44 16.66 16.89 16.70 17.48 16.97 17.70 16.58
CaO 21.96 22.80 22.72 21.87 22.63 22.64 22.43 22.91
Na20 0.20 0.20 0.23 0.13 0.16 0.14 0.13 0.15
k 2o <0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01
Total 99.98 100.80 100.14 99.76 100.82 100.48 100.56 100.83
Atom
Si 1.9681 1.9441 1.9569 1.9587 1.9747 1.9710 1.9698 1.9732
Ti 0.0070 0.0100 0.0073 0.0062 0.0069 0.0081 0.0068 0.0079
A1 0.0509 0.0692 0.0545 0.0562 0.0387 0.0431 0.0354 0.0433
Cr 0.0186 0.0187 0.0208 0.0094 0.0158 0.0059 0.0156 0.0056
Fe 0.1301 0.1540 0.1358 0.1817 0.1240 0.1523 0.1313 0.1620
Ni 0.0012
Mn 0.0023 0.0036 0.0037 0.0050 0.0038 0.0046 0.0030 0.0045
Mg 0.9480 0.9051 0.9209 0.9174 0.9429 0.9219 0.9583 0.8991
a 0.8582 0.8901 0.8902 0.8633 0.8776 0.8841 0.8729 0.8934
Na 0.0138 0.0143 0.0161 0.0091 0.0112 0.0101 0.0094 0.0106
K 0.0006
Total 3.9971 4.0091 4.0062 4.0069 3.9968 4.0017 4.0026 3.9997
Total Fe analysed as FeO
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APPENDIX 6
MODAL COMPOSITION OF ARENITES (from Lightner, 1977)
BUMBOLEE CREEK FORMATION
Sample 1 2 3 4 5 6 7 8 9 10 11 12 13
Qm 48.4 72.3 53.2 29.9 54.4 52.6 52.9 75.7 58.0 33.6 24.1 32.1 21.1
Qp 4.6 2.8 2.2 17.7 4.3 3.7 2.8 0 1.8 1.6 12.9 11.5 2.6
F 11.4 4.0 11.5 6.5 10.7 12.2 13.4 0 1.4 6.4 4.0 4.6 20.7
Lv 2.4 0.4 1.0 5.8 2.6 1.6 1.8 0 0 0 12.2 6.6 12.7
Ls 9.2 3.6 8.5 27.4 9.7 8.4 10.6 0 17.2 37.9 36.5 32.3 22.3
matrix 24.2 17.1 24.0 12.4 18.3 21.4 18.9 24.9 21.1 19.4 11.4 13.1 20.7
Total 100.2 100.2 100.4 99.7 100.0 99.9 100.4 100.6 99.5 98.9 101.1 100.2 100.1
BLOWERING FORMATION
Sample 14 15 16 17 18 19 20 21 22 23 24 25 26 27
Qm 22.2 18.1 14.0 20.6 13.1 17.7 12.5 67.1 53.7 45.7 49.8 67.6 11.8 12.3
Qp 14.0 24.2 8.7 10.3 9.9 14.3 13.1 1.2 5.0 4.6 3.1 3.3 0 0
F 23.2 24.6 22.9 26.1 14.4 12.4 28.3 12.9 13.6 20.0 19.1 17.7 15.9 11.2
Lv 15.7 17.7 21.3 18.6 24.5 28.6 17.5 2.8 9.0 10.7 7.4 2.0 62.0 65.4
Ls 7.9 5.3 14.8 2.4 17.1 11.4 4.0 2.7 7.8 4.4 2.9 0.8 0 0
matrix 16.8 12.6 18.8 22.2 20.9 15.2 23.2 13.4 10.8 11.9 17.6 8.8 9.8 11.1
Total 99.8 102.5 100.5 100.2 99.9 99.6 98.6 100.1 99.9 97.3 99.9 100.2 99.5 100.0
Major components expressed as a percentage. Qm, monocrystalline quartz; Qp, 
polycrystalline quartz (chert); F, total feldspar, Lv, volcanic clasts; Ls, sedimentary and 
meta-sediment clasts. Matrix includes other minor components (opaques, mafic minerals, 
biotite, muscovite, chlorite and epidote). Samples analysed by Lightner (1977) 
containing over 25% matrix were excluded.
Sample details:
BUMBOLEE CREEK FORMATION BLOWERING FORMATION
N°. ANU Slide N°. Collector Grid ref. N°. ANU Slide N°. Collector Grid ref.
1 . 10571 Lightner, 1977 124987 14. 10548 Lightner, 1977 186943
2. 10572 142003 15. 10550 186943
3. 10573 M 130988 16. 10551 163944
4. 10574 " 182984 17. 10553 183904
5. 10575 M 182984 18. 10554 208965
6. 10576 182984 19. 10555 M 202967
7. 10577 " 146984 20. 10557 205966
8. 8918 Atkins, 1974 058046 21. 10567 M 203004
9. 8717 Kennard, 1974 153110 22. 10567 203004
10. 8718 164000 23. 10566 208984
11. 10587 Lightner, 1977 140006 24. 10565 206986
12. 10588 164003 25. 10564 223964
13. 8923 Atkins, 1974 031046 26.
27.
8727
8728
Kennard, 1974 161165
165139
